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Abstract 

Electric  propulsion  (EP)  offers  the  potential  for  substantial  fuel  savings  for  stationkeeping  and 
other  applications.  One  system  which  has  shown  particular  promise  is  the  Stationary  Plasma 
Thruster  (SPT)  or  Hall  Thruster.  These  devices  have  a  near  optimum  specific  impulse  for 
slationkeeping  applications.  The  SPT  thruster  releases  a  partially  ionized  plasma  plume  in  which 
charged  particles  are  accelerated  to  high  velocities.  Satellite  designers  are  concerned  that  the 
plumes  from  Hall  Thrusters  may  erode  and  contaminate  sensitive  surfaces  and  interfere  with 
communications  signals. 

A  comprehensive  computational  model  of  the  plume  of  a  HaU  Thruster  is  presented.  Spacecraft- 
plume  interaction  issues  are  addressed  by  studying  how  a  partially  ionized  plasma  expands  in  three 
dimensions  and  interacts  with  the  surfaces  it  encounters.  A  quantitative  analysis  of  fundarnental 
parameters  is  used  to  show  that  the  plume  is  an  unmagnetized,  quasi-neutral  plasma  in  which 
Charge  Exchange  collisions  play  a  significant  role.  The  electrons  are  shown  to  be  isothermal  and 
collisionless  and  the  electron  momentum  equation  is  shown  to  reduce  to  the  Boltzmann 
relationship.  An  axisymmetric  computational  model  of  the  plume  is  described  in  detail.  The  model 
combines  the  Particle-in-Cell  (PIC)  and  Direct  Simulation  Monte  Carlo  (DSMC)  methods  to  create 
a  quasi-neutral  PIC-DSMC  model.  The  resulting  model  is  relatively  fast  and  is  used  to  model 
meter  scale  objects  on  workstation  class  computers.  Comparisons  are  made  to  experimental  data 
from  multiple  sources.  The  model  is  shown  to  have  good  agreement  with  macroscopic  quantities 
such  as  current  densities  and  sputtering  rates  but  poor  agreement  with  microscopic  quantities  like 
the  ion  distribution  function.  Disagreement  is  thought  to  be  due  to  inadequicies  in  the  plasma 
source  model.  Further  results  are  presented  showing  the  thruster  operating  in  vacuum.  “Rules  of 
thumb”  are  recommended  for  scaling  erosion  rates. 

A  three  dimensional  computational  model  of  the  Hall  Thruster’s  plume  region  is  described  and 
used  to  simulate  a  thruster  mounted  on  a  geosynchronous  communications  satellite.  The  results 
show  that  plume  induced  erosion  of  interconnectors  can  be  mitigated  through  the  use  of  appropriate 
thruster  orientations  and  duty  cycles.  Erosion  of  the  coverglass  is  not  considered  because  accurate 
sputtering  coefficients  are  not  available.  It  is  concluded  that  although  SPT  Thrusters  should  be 
canted  with  respect  to  the  array,  erosion  of  solar  array  interconnectors  can  be  controlled  and  poses 
no  fundamental  barrier  to  the  use  of  SPT  thrusters  on  satellites. 

Thesis  Supervisor:  Daniel  E.  Hastings 

Title:  Professor  of  Aeronautics  and  Astronautics 
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Nomenclature 


Note:  Units  stated  in  the  text  may  supersede  units  given  in  this  section. 

A  =  Thruster  Exit  Area  (m^) 

B  =  Magnetic  Field  Strength  (Gauss) 

E  =  Electric  Field 

Ejc  =  Kinetic  Energy  of  Particle 

Er  =  Radial  Electric  Field 

Ez  =  Axial  Electric  Field 

Isp  =  Specific  Impulse  (seconds) 

Mf  =  Fuel  Mass  (kg) 

Mo  =  Initial  Spacecraft  Mass  (kg) 

Te  =  Electron  Temperature  (Electron  Volts) 

Tj  =  Ion  Temperature  (Electron  Volts  or  Kelvin) 

W,o„  =  Ion  Macroparticle  Weight  (unitless) 

^^neuiral  =  Neutral  Macroparticle  Weight  (unitless) 

Z,  =  Ionization  Number  (unitless) 
ao  =  Speed  of  Sound  (m/s) 

^0  ~  Distance  of  Closed  Approach  between  Collision  Partners  (Impact  Parameter) 
O  =  Mean  Electron  Thermal  Velocity  (m/s) 

Cr  =  Relative  Speed  between  Collision  Partners  (m/s) 

e  =  Elementary  Charge  =  1.6  x  10'^^  C 

h  =  Grid  Spacing  (unitless) 

k  =  Boltzmann’s  Constant  =  1.38  x  10'^^  J/K 

me  =  Electron  mass  =  9.1 1  x  10'^'  kg. 

m,  =  Xe  ion  mass  =  2. 1 8  x  10  “'^  kg. 

rh  =  Anode  Propellant  Mass  Flow  Rate  (mg/sec) 

n  =  Generic  Number  Density  (m-3) 

ne  =  Electron  Number  Density  (m*^) 

nj  =  Ion  Number  Density  (m‘3) 

no  =  Reference  Charge  Density  (m'3) 

n^ef  =  Reference  Electron  Number  Density  (m-^) 

p  =  Pressure  (Torr  or  Pascal’s) 

r  =  Radial  Position  (meters) 
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Ra  =  Insulator  Ring  Width  (meters) 

=  Global  Time  Count  (unitless) 

1,0^,  =  Local  Time  Count  (unitless) 
u  =  Velocity 

Vj^  =  Velocity  Perpendicular  to  B  field 
Vz  =  Axial  Ion  Velocity  (m/s  or  normalized) 
z  =  Axial  Position  (meters) 

At  =  Computational  Timestep  (unitless) 
fi  =  Ion  Flux  (number/m^/sec) 

P  =  Random  number  between  0  and  1  chosen  from  uniform  distribution 
Pp  =  Ratio  of  Kinetic  Pressure  to  Magnetic  Pressure 
Xd  =  Debye  Length  (meters) 

Xen  =  Electron-Neutral  Mean  Free  Path  (meters) 

Xee  =  Electron-Electron  Mean  Free  Path  (meters) 

Xe,  =  Electron-Ion  Mean  Free  Path  (meters) 

Co  =  Permittivity  Constant  =  8.85  x  10  F/m 
Po  =  Permeability  Constant  =  1.26  x  10  ^  H/m 
(p  =  Electrical  Potential  (Volts) 

V  =  Generic  Collision  Frequency  (sec'l) 

r|,  =  Ionization  Fraction 

Pge  =  Electron  Gyro  Radius  (m) 

Pgj  =  Ion  Gyro  Radius  (m) 

G  =  Generic  Collision  Cross  Section  (m^  or  cm^) 

(JCEX  ~  Charge  Exchange  Collision  Cross  Section 
csE  =  Elastic  Collision  Cross  Section 
a  =  Mean  Electron-Self  Colhsion  Cross  Section 

ee 

=  Mean  Ion-Electron  Collision  Cross  Section 

e  =  Angular  Position  (radians) 

X  =  Particle  Scattering  Angle  (radians) 

In  A  =  Spitzer  Logarithm 

CDEA:  Closed  Drift  Extended  Acceleration  Thruster 

CEX:  Charge  Exchange 

DSMC:  Direct  Simulation  Monte  Carlo  Method 

NIITP;  Scientific  Research  Institute  of  Thermal  Process  (in  Russia) 
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PIC:  Particle  in  Cell  Method 

PIC-MCC:  Panicle  in  Cell  Method  with  Monte  Carlo  Collisions 
RPA:  Retarding  Potential  Analyzer 
SPT:  Stationary  Plasma  Thruster 
TAL:  Thruster  with  Anode  Layer 
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Chapter  1:  Introduction 


The  laws  of  motion  are  universal,  so  accelerating  a  vehicle  always  involves  transferring 
momentum  from  the  vehicle  to  its  surroundings.  Accelerating  an  object  in  space  is  therefore  a 
uniquely  difficult  engineering  problem.  Vehicles  on  the  ground  have  the  advantage  of  bemg  able  to 
interact  with  their  surroundings  by  pushing  on  other  objects  (cars)  or  by  collecting  mass  and 
accelerating  it  in  a  controUed  manner  (airplanes  and  ships).  Conventional  space  vehicles,  on  the 
other  hand,  can  neither  push  on  other  objects  nor  coUect  mass  from  their  surroundmgs. 
Accelerating  a  spacecraft  therefore  requires  either  some  form  of  massless  momentum  transfer  or  the 
use  of  on  board  mass  to  carry  momenmm.  Several  methods  of  massless  momentum  transfer  have 
been  proposed  for  specialized  applications  (tethers,  lasers,  solar  sails),  but  most  currenUy  practical 
space  missions  require  the  use  of  thrusters  to  accelerate  propellant  away  from  the  spacecraft  in  a 

controlled  manner. 

The  amount  of  acceleration  experienced  by  a  spacecraft  can  be  determmed  by  setting  the 
change  in  the  spacecraft’s  momentum  equal  to  the  momentum  earned  by  the  exhaust.  This  results 

is  the  well  known  rocket  equation. 

l_Mr=exp(-A%)  (1.0-1) 

Where  c  is  the  exhaust  velocity  and  Av  is  the  velocity  change  imparted  to  the  vehicle.  The 
spacecraft’s  fuel  mass  fraction  depends  exponentially  on  the  exhaust  velocity,  so  it  is  generally 
desirable  to  use  as  high  an  exhaust  velocity  as  possible.  This  point  can  be  illustrated  using  a 
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simple  example.  When  a  satellite  is  placed  in  geosynchronous  orbit,  the  interaction  of  Ae  Ban  , 
Moon,  and  Sun’s  gravitational  fields  cause  the  satelUte  to  drift  in  longitude  (i.e.  m  the  North-South 

direction).  TTirusters  are  used  to  provide  Av  to  compensate  for  this  drift.  A  typical  geostauonary 

communications  satellite  (geo-comsat)  weighs  about  2000  kg.  and  requires  a  Av  of  51.4  m/s  per 

yearforNorth-Southstationkeeping  [Larson  an^Wempg.  151].  Tlie  total  Av  required  over  the 

course  of  a  12  year  Ufetime  is  therefore  a  quite  substantial:  617  m/s.  A  conventional  satellite  might 
use  monopropeUant  hydrazine  thrusters  for  stationkeeping.  Monopropellant  thrusters  have  an  Isp  of 
about  225  seconds  which  corresponds  to  an  exhaust  velocity  of  2200  m/s  [Larson  and  Wertz  pg- 
644].  Using  these  values  in  equation  (1.0-1)  gives  a  fuel  mass  fraction  of  0.24,  so  almost  a 
quarter  of  the  satellite’s  mass  is  consumed  by  fuel  used  for  North-South  stauonkeepmg.  ^ 

Additional  fuel  is  required  for  East-West  stationkeeping  and  for  circularizing  the  satelhte’s  orbit, 
typical  commercial  sateUite  costs  about  $77,000/kg  [16.89  final  report,  Spring  1995],  so  the 
payload  mass  displaced  by  fuel  is  nominally  worth  $37  million.  This  very  high  cost  encourages 
spacecraft  manufacturers  to  develop  advanced  thrusters  with  higher  exhaust  velociues. 

The  exhaust  velocity  of  a  conventional  thruster  is  limited  by  the  energy  per  unit  mass  released 
by  some  chemical  reaction.  The  best  liquid  thrusters  use  cryogenic  propellants  and  have  a  specific 
impulse  of  approximately  450  seconds.  Achieving  higher  specific  impulses  requires  the  use  of 
esoteric  chemicals  or  external  energy  sources.  Electric  propulsion  (EP)  devices  use  electncal 
energy  to  accelerate  a  working  fluid  to  very  high  exit  velocities.  Because  the  energy  imparted  to 
the  propellant  is  limited  only  by  the  supply  of  electrical  power,  these  devices  can  dramaucally 
lower  the  amount  of  fuel  that  needs  to  be  carried  on  the  spacecraft.  The  SPT-100  thruster,  for 
instance,  has  an  effective  specific  impulse  of  1600  seconds.  If  the  previously  described  2000  kg. 
geo-comsat  were  to  use  an  SPT  thruster  for  stationkeeping,  only  3.9%  of  its  mass  would  be 
consumed  by  fuel,  thus  saving  almost  420  kg  which  is  nominally  worth  $3.2  million  in  displaced 
payload  mass.  In  reality,  some  of  this  savings  wiU  be  consumed  by  the  electrical  hardware  needed 
to  support  the  thruster,  but  the  potential  savings  is  stiU  quite  large.  After  literally  decades  of 
development,  a  variety  of  EP  devices  are  now  being  adapted  for  use  on  commercial  geo-comsats. 
The  Telstar  4  satelUte,  which  was  launched  by  Lockheed-Martin  in  1993,  uses  arcjets  for 
stationkeeping  and  Hughes  Space  and  Communications  recently  won  a  contract  involving  the  use 
of  ion  thrusters  for  stationkeeping.  Additional  thrusters  of  near  term  interest  are  the  Pulsed  Plasma 
Thruster  (PPT)  and  the  Field  Emission  Thruster,  both  of  which  may  be  suitable  for  use  on  a  new 
class  of  small  “microsatellites.”  Overall,  the  commercial  world  has  shown  a  high  level  of  mterest 
in  EP  devices  for  use  on  spacecraft  in  the  very  near  future.  At  the  present  time,  however,  only 
arcjet  thrusters  have  been  used  as  primary  propulsion  on  a  commercial  space  mission. 

One  device  which  has  attracted  particular  interest  is  the  Hall  Thruster,  also  known  as  a  closed 
drift  thruster.  The  term  “closed-drift  thruster”  refers  to  an  open  ended  (gridless)  EP  device  m 
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which  electrons  are  restricted  by  a  magnetic  field  while  ions  are  driven  out  the  end  of  an  open 
channel  Like  ion  thrusters,  closed-drift  thrusters  work  by  ionizing  a  working  fluid  and  then 
electrostatically  accelerating  ions  across  an  electrical  potential.  In  an  ion  thruster,  however  tte 
working  fluid  is  ionized  in  a  chamber  and  ions  are  extracted  and  accelerated  by  an  electric  field  set 
up  between  two  meml  grids.  Hie  large  potential  gradient  between  the  grids  prevents  el^trons  tom 
entering  this  region,  so  an  ion  engine’s  thrust  is  Umited  by  space  charge  effects.  In  a  closed  drift 
thruster,  on  the  other  hand,  ionization  and  acceleration  occur  in  an  open  channel  m  which  ions  and 
electrons  freely  intermix  to  form  a  quasi-neutral  plasma.  As  a  result,  closed  drift  thrusters  ate  not 
subject  to  space  charge  effects  and  produce  more  thrust  per  unit  area  than  ion  thrusters. 

Hall  Thrusters  were  first  developed  in  the  early  1960’s  when  spacecraft  destgners  were 
interested  in  EP  because  they  believed  that  future  space  vehicles  would  be  able  to  generate  large 
amounts  of  power  (perhaps  100  kW).  Since  the  specific  cost  and  specific  weight  of  power  was 
expected  to  drop  dramatically  in  the  1970’s,  electric  propulsion  was  seen  as  an  economical  near 
term  alternative  to  chemical  propulsion  systems.  For  EP  devices,  there  is  a  tradeoff  between  the 
thruster’s  specific  impulse  and  the  weight  of  the  spacecraft  power  system.  As  the  specific  impulse 
increases,  the  weight  of  the  propellant  decreases.  However,  since  the  power  required  to  run  the 
thruster  is  proportional  to  the  square  of  the  exhaust  velocity,  a  thtuster  with  a  high  specific  impulse 
also  requires  a  larger  power  system.  The  optimum  specific  impulse  is  the  one  that  mmmuzes  the 
combined  weight  of  the  spacecraft’s  propellant  and  power  systems.  ThU  optimum  specific 
impulse  increases  as  the  specific  power  (the  power  to  mass  ratio)  decreases.  Early  designers 
believed  thal  the  specific  power  of  spacecraft  would  drop  dramatically  in  the  1970’s,  so  they 
emphasized  the  development  of  EP  devices  with  relatively  high  Up’s  from  5000- 10000  seconds. 
This  led  decision  makers  to  encourage  the  development  of  Ion  thrustets  over  Hall  thrusters 
IKmfinm  1983].  In  addition.  Hall  thnisters  ate  relatively  unsteady  devices  exhibiting  numerous 
plasma  instabilities.  Researchers  believed  that  it  would  difficult  to  buUd  a  thtuster  wtthout 
preventing  these  instabilities  from  occurring.  For  both  these  reasons.  Western  work  on  closed 
drift  thnisters  largely  ceased  in  the  early  1970’s.  However,  early  predictions  of  cheap  and  hght 
space  power  sources  proved  optimistic,  and  ion  thrustets  were  generally  too  inefficient  for  use  at 
the  power  levels  available  to  designers  throughout  the  1970’s  and  80’s.  In  addition,  spacecraft 
designers  ate  generally  quite  conservative  in  the  level  of  new  technology  they  accept  for  their 
spacecraft.  The  use  of  EP  was  therefore  limited  to  the  laboratory  and  a  few  scientific  test  flights. 

■While  Western  scientists  emphasized  work  on  arejets  and  ion  thrustets,  Soviet  sciennsts 
continued  to  develop  Hall  Thrusters  throughout  the  Cold  War  era.  Operational  flight  hardware  was 
developed  in  the  1970’s  and  Hall  Thrustets  were  flown  on  over  50  missions  during  the  late  70’s 
and  early  80’s  [Afycra  1993].  When  the  Soviet  Union  collapsed  in  the  late  1980’ s,  Russian 
companies  began  actively  marketing  Hall  Thrusters  for  use  on  Western  spacecraft.  The  device’s 
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high  specific  impulse  and  Russian  flight  heritage  have  generated  a  great  deal  of  interest  among 
Western  satellite  manufactures,  and  a  group  of  companies  including  Space  Systems/Loral,  Atlantic 
Research,  Fakel,  and  Aerospatiale  have  formed  a  consortium  to  market  this  device  in  Western 
countries.  Space  Systems/Loral  plans  to  launch  a  commercial  mission  using  the  SPT-100  in  the 
next  two  years.  Like  all  EP  devices,  the  success  of  the  Hall  Thruster  will  require  controlling  and 
lowering  the  perceived  risk  associated  with  these  devices.  Customers  and  decision  makers  demand 
a  detailed  understanding  of  the  impact  that  any  new  technology  will  have  on  their  spacecraft,  and 
though  Hall  Thrusters  are  rapidly  maturing,  they  are  no  exception  to  this  rule. 

One  issue  of  overriding  concern  to  decision  makers  is  the  interaction  of  the  Hall  Thruster’s 
exhaust  with  surfaces  of  the  satellite  on  which  it  is  mounted.  Like  all  thrusters,  EP  devices  release 
a  plume  of  material  in  the  vicinity  of  the  spacecraft.  Much  of  this  material  moves  away  from  the 
satellite  and  generates  thrust,  but  some  of  it  remains  in  the  vicinity  of  the  spacecraft  and  can  affect 
the  operation  of  the  satellite.  The  issues  surrounding  conventional  chemical  plumes  are  fairly  well 
understood  at  this  time,  but  EP  devices  release  a  partially  ionized  plasma  in  which  charged  particles 
can  undergo  both  short  range  collisions  and  long  range  Coulomb  interactions.  These  plumes  are 
not  well  understood  and  can  adversely  effect  the  operation  of  a  satellite  in  a  variety  of  ways 
including;  [Sanutma  Roy  1995] 

•  Parasitic  current  drain  to  biased  surfaces 

•  Degradation  of  solar  array  panels,  thermal  control  surfaces,  and  optical  windows  due  to 
effluent  deposition 

•  Attenuation  and  refraction  of  electromagnetic  wave  transmission  and  reception  due  to 
enhanced  plasma  density 

•  Absolute  and  differential  charging  of  the  spacecraft 

•  Interference  due  to  electrostatic  and/or  electromagnetic  noise 

•  Surface  phenomena  such  as  spacecraft  glow 

•  Modification  of  spacecraft  radiation  signature 

•  Alteration  of  electrical  and  thermal  properties  of  surfaces 

Understanding  how  the  plume  from  an  EP  device  expands  and  interacts  with  surfaces  is  a  critical 
part  of  understanding  how  a  Hall  Thruster  will  impact  the  operation  of  a  commercial  satellite. 

Although  the  importance  of  plume  interaction  issues  has  been  recognized  for  some  time, 
practical  considerations  make  it  difficult  to  study  EP  plumes  in  ground  facilities.  Very  high 
vacuums  are  needed  to  operate  thrusters  on  the  ground  and  the  vacuum  tanks  required  often  have  a 
significant  impact  on  experimental  results.  Those  results  which  do  exist  have  large  uncertainties 
and  may  not  apply  to  thrusters  mounted  on  satellites  and/or  operating  in  the  space  environment. 
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The  lack  of  reliable  data  makes  it  desirable  to  develop  analytic  and  computational  models  of  EP 

plumes  and  their  interaction  with  solid  surfaces. 

This  thesis  addresses  plume-spacecraft  interaction  issues  by  describing  how  a  partially 
ionized  plasma  expands  in  three  dimensions  and  interacts  with  the  surfaces  it  encounters.  Though 
the  primary  focus  of  this  work  is  the  plume  from  a  Hall  Thruster,  the  models  developed  can  be 
applied  to  a  variety  of  EP  devices.  The  plume  of  a  Hall  Tliruster  is  a  timely  subject  because  there  is 
a  high  level  of  interest  in  these  devices  for  commercial  and  miUtary  missions  and  because  an 
extensive  experimental  database  has  been  developed  over  the  past  five  years.  At  the  present  ume, 
there  are  no  three  dimensional  models  of  the  plume  from  a  Hall  Thruster.  Those  models  which  do 
exist  are  generally  empirical  and  apply  only  to  simple  geometries.  A  comprehensive  three 
dimensional  particle-in-cell  (PIC)  plume  model  has  been  developed  for  ion  thrusters,  but  this 
model  does  not  apply  to  the  relatively  dense  plasma  present  in  the  plume  of  a  HaU  Thruster  for  two 
reasons.  First,  because  of  the  high  plasma  density,  the  ratio  is  much  smaller  in  the  plume  of  a 
Hall  Thruster  than  it  is  in  an  ion  thruster  (see  Chapter  2).  As  a  result,  modeling  the  plume  with  a 
traditional  PIC  model  is  beyond  the  capability  of  most  computers.  Second,  the  ratio  of  the  neutral 
density  to  the  plasma  density  (nn/nj)  is  of  order  unity  in  a  Hall  Thruster  plume.  The  colUsion 
models  used  with  PIC  simulations  presently  require  that  nn/ni »  1.  Existing  ion  thruster  plume 
models  are  too  computationally  intensive  for  most  design  applications. 

This  thesis  describes  a  new  computational  algorithm  which  can  simulate  an  extended  range  of 
plasma  plumes  including  the  plumes  produced  by  ion  and  Hall  Thrusters.  The  model  combmes 
two  well  known  computational  methods  to  produce  a  three  dimensional  simulation  of  a  relatively 
dense  plasma  plume  interacting  with  the  surfaces  of  a  spacecraft.  A  major  advantage  of  the  model 
is  that  it  runs  on  workstation  class  machines,  which  means  that  it  can  serve  as  a  prototype  of  a 

computational  tool  for  detailed  spacecraft  design  work. 

This  chapter  presents  a  review  of  the  experimental  and  theoretical  work  which  has  been 
conducted  on  the  plumes  from  chemical  and  EP  thrusters  and  their  interacuon  with  spacecraft.  The 
first  section  begins  with  a  brief  discussion  of  previous  work  on  plumes  from  chemical  thrusters, 
and  then  gives  and  overview  of  the  wide  range  of  work  that  has  been  conducted  on  plumes  from 
EP  devices.  The  next  section  gives  a  detailed  and  comprehensive  overview  of  the  experimental  and 
theoretical  literature  associated  with  plumes  from  closed  drift  devices.  Finally,  the  last  section 
describes  several  computational  methods  which  have  previously  been  used  to  model  plumes  and 
describes  their  major  strengths  and  limitations.  The  chapter  concludes  with  a  description  of  the 
research  approach  and  an  outline  of  the  rest  of  this  thesis. 
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1.1  Review  of  Previous  Work 

The  importance  of  plume-spacecraft  interaction  issues  was  first  recognized  in  the  early 
1960’s,  and  a  variety  of  experimental  and  theoretical  work  has  been  conducted  since  that  time.  The 
vast  majority  of  the  work  concerns  plumes  from  chemical  thrusters,  and  a  brief  survey  of  this  work 
is  presented  in  section  1.1.1  below.  In  addition,  a  variety  of  work  has  been  conducted  on  plumes 
from  EP  devices  and  on  generic  methods  for  simulating  plasmas  and  rarefied  gases.  Overviews  of 
previous  work  on  EP  and  on  Hall  Thrusters  is  presented  in  sections  1.1.2  and  1.1.3  respectively, 
and  an  overview  of  several  different  computational  methods  used  to  simulate  plasmas  and  rarefied 
gases  is  given  in  section  1.1.4. 

1.1.1  Overview  of  Chemical  Thruster  Plumes 

The  plumes  of  chemical  thrusters  operating  in  vacuum  have  been  studied  extensively  for  a 
variety  of  applications  including  stationkeeping,  docking  maneuvers,  and  lunar  surface  landings. 
What  follows  is  a  brief  survey  of  previous  work  on  chemical  plumes  based  largely  on  Dettleff 
[1991]  and  Samanta  Roy  [1995].  The  section  is  not  intended  to  provide  a  comprehensive  review, 
but  an  overview  of  a  very  well  developed  field  of  research.  A  more  detailed  review  is  available  in 
Roilx  et  al.  [1984], 

The  plume  from  a  chemical  thruster  operating  in  vacuum  can  be  divided  into  three  different 
regimes,  as  shown  in  Figure  1.1.  The  flow  near  the  nozzle  is  a  hypersonic  flow  in  which  the 
Knudsen  number  is  relatively  small.  The  gas  in  this  region  is  often  undergoing  simple  isentropic 
expansion  (though  embedded  shocks  may  be  present)  and  can  be  treated  using  continuum 
methods.  As  the  flow  expands,  the  density  drops  and  the  plume  enters  a  transition  region  in  which 
the  mean  free  path  is  no  longer  small  compared  to  the  size  of  the  plume.  Eventually,  the  Knudsen 
number  becomes  large  and  the  flow  evolves  into  a  free  molecular  flow  in  which  molecules  move 
independently  of  each  other.  The  main  difficulty  in  modeling  the  plume  as  a  whole  is  managing  the 
transition  from  continuum  to  free  molecular  flow.  The  earliest  plume  expansion  models  were 
constructed  to  study  the  impingement  of  the  plume  from  the  Apollo  Lunar  Excursion  Module 
(LEM)  as  it  landed  on  the  surface  of  the  moon  [Dettleff  1991].  Because  the  LEM  has  a  relatively 
large  engine  (producing  5000-30000  N  of  thrust),  the  boundary  layers  in  the  nozzle  were  small  and 
the  method  of  characteristics  was  used  to  model  the  flow  both  inside  and  outside  the  nozzle.  This 
method  was  generally  successful,  though  very  computationally  intense  by  the  standards  of  the  time 
[Sibulkin  et  al.  1963,  Hill  et  al.  1966]. 

Later  efforts  were  made  to  model  the  contamination  and  impingement  of  plumes  from  smaller 
thrusters  used  for  applications  such  as  stationkeeping.  With  these  devices,  the  region  of  interest  is 
often  in  the  far  field  where  free  molecular  flow  occurs.  In  these  cases,  it  is  natural  to  treat  the 
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plume  as  an  area  in  which  streamlines  are  straight  and  the  density  falls  as  1*2.  The  result  is  a 
density  distribution  of  the  form 

p{r.e)=-^f{e)  ,11. 


where  A  and/are  parameters  of  unspecified  functional  form.  A  vanety  f 

been  proposed  based  on  theory  and  empirical  measurements  [Roberts  el  al.  1964,  Aifcmt  1965,  Hi 
«  al.  1966,  Boynton  1967],  but  a  model  by  Simons  [1972]  has  obtained  widespread  appltcanon  in 
its  original  and  extended  forms.  Simons  derived  formulas  for  A  and/based  on  the  thickness  of 
the  boundary  layer  within  the  nozzle.  This  was  done  based  on  the  observation  that  the  boundary 
layer  has  a  significant  impact  on  the  plume's  divergence  angle.  Different  authors  have  used 
different  methods  to  calculate  the  thickness  of  the  boundary  layer  and  have  appUed  the  Simons 
model  effecuvely  [Lengrand  1974,  Ungrand  el  al.  1976],  Both  the  method  of  charactensttcs  and 
the  Simons  model  are  invalid  in  highly  rarefied  regions  of  the  piume.  The  onset  of  rarefacnon  can 


P  = 


1 

i(lnp) 

V 

dt 

Where  p  is  the  density  and  v  is  the  collision  frequency.  As  P  becomes  larger,  the  degree  of 
rarefaction  becomes  higher  and  collisions  have  less  influence  on  the  flow  field.  Bird  [1970, 1981] 
used  DSMC  calculations  to  show  that  the  onset  of  transition  region  occurs  when  P  -  0.05.  One 
method  which  has  been  used  to  model  the  plume  is  to  define  a  “freezing”  surface  of  constant  P  at 
which  the  flow  is  assumed  to  suddenly  transition  from  continuum  to  free  molecular  flow.  This 
simplifies  the  plume  model  by  ignoring  processes  occurring  in  the  transition  region.  The  only 
practical  method  available  for  directly  modehng  the  transition  region  is  the  Direct  Simulation  Monte 
Carlo  Method  (DSMC),  which  is  a  particle  based  computational  method  designed  for  the 
simulation  of  rarefied  neutral  flows.  This  method  has  been  successfully  applied  to  chemical 
thrusters  and  produces  good  agreement  with  exfierimenial  data  [Boyd  1988].  Recent  models  have 
used  the  DSMC  approach  to  model  chemical  reactions  occurring  within  the  plume  as  well. 
Therefore,  aside  from  some  detailed  issues  related  to  boundary  layers,  the  manner  in  which  plumes 
from  chemical  thrusters  expand  into  vacuum  is  now  fairly  well  understood. 

The  problem  of  plume  impingement  on  surfaces  has  also  been  studied  extensively.  Again, 
the  methods  which  can  be  used  to  model  plume  impingement  depend  very  much  on  local  Knudsen 
number.  Figure  1.2  shows  some  of  the  possible  flow  regimes.  Because  the  plumes  from  EP 
devices  contain  charged  particles,  much  of  the  surface  interaction  work  conducted  for  neutral 
plumes  is  not  direcUy  relevant  to  this  study.  The  reader  is  therefore  referred  to  Dettleff  [1991]  for  a 
review  of  the  literature  concerning  neutral  plume-surface  interaction  effects. 
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1.1.2  Overview  of  Electric  Propulsion  Plumes 

While  the  modeling  of  plumes  from  neutral  thrusters  is  a  relatively  mature  field,  the  plumes 
of  EP  devices  are  not  as  well  understood  and  the  study  of  plasma  plumes  is  an  area  of  ongoing 
work.  The  presence  of  charged  particles  in  the  plume  also  leads  to  a  different  set  of  interactions 
with  surfaces  than  is  seen  with  traditional  chemical  thrusters.  At  the  present  time,  three  different 
EP  devices  are  approaching  commercial  viability:  arcjets,  ion  thrusters,  and  closed  drift  thrusters. 
This  section  provides  an  overview  of  plume  interaction  models  and  experiments  conducted  with 
arcjets  and  ion  thrusters.  It  is  a  survey  of  recent  work  and  is  not  intended  to  be  comprehensive.  A 
comprehensive  review  of  work  on  plumes  from  Hall  Thrusters  and  other  closed  drift  devices  is 
given  in  section  1.1.3  below. 

Ton  Thrusters: 

Ion  Thrusters  are  gridded  EP  devices  in  which  ions  are  electrostatically  accelerated  across  an 
electric  field  formed  between  two  parallel  grids.  The  ions  are  produced  by  creating  a  plasma  in  an 
ionization  chamber  and  then  extracting  ions  from  the  chamber.  The  electrons  are  extracted  through 
a  separate  anode  and  reinjected  by  a  neutralizer  into  the  plume,  so  the  thrust  from  these  devices  is 
limited  by  space  charge  effects.  A  typical  ion  thruster  is  shown  in  Figure  1.3.  The  first  ion 
thruster  was  constructed  in  the  late  1950’s  and  ion  thrusters  have  been  a  subject  of  great  interest  to 
Western  researchers.  “Fhght-ready”  models  have  been  developed,  and  both  NASA  and  the 
Hughes  Space  and  Communications  Company  are  planning  on  using  ion  thrusters  on  missions 
over  the  next  couple  of  years.  Over  the  past  30  years  a  variety  of  experiments  have  been  conducted 
on  various  ion  thrusters  using  a  number  of  different  propellants.  Commonly  used  propellants 
include  Mercury  and  Cesium,  which  were  primarily  used  in  the  1970’s,  and  Xenon  gas,  which  is 
used  in  most  present  designs.  Recent  experimental  work  includes  work  by  Monheiser  [1991], 
Beattie  and  Matossian  [1992],  Pollard  [1994],  Takegahara  et  al.  [1993],  Feam  et  al.  [1993]  and 
Crofton  [1995].  In  addition  to  the  many  ground  based  experiments  which  have  taken  place, 
several  flight  tests  have  occurred  with  ion  thrusters  over  the  past  two  decades  [Cybulski,  R.J.  et  al. 
1965,  Staskus  et  al.  1970,  Worlock  1975,  Olsen  etal,  1978].  Excellent  reviews  of  ion  thruster 
plume  work  are  available  in  Carruth  [1982],  Byers  [1979],  Deininger  [1985],  and  Samanta  Roy 
[1994]. 

Based  on  the  work  conducted  over  the  past  two  decades,  a  standard  model  has  emerged  for 
the  basic  structure  of  the  ion  thruster  plume.  The  plume  is  divided  into  four  basic  components: 
primary  beam  ions.  Charge  Exchange  (CEX)  propellant  ions,  neutral  propellant  efflux,  and  non¬ 
propellant  efflux.  The  beam  ions  are  the  primary  thrust  producing  components  of  the  beam  and 
consist  of  ionized  propellant  which  has  passed  through  the  region  between  the  grids.  These  ions 
typically  have  very  high  velocities  (>  20,000  m/s)  and  move  on  nearly  ballistic  trajectories,  largely 
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ff  „d  bv  U-e  relatively  weak  eleetric  fields  present  in  the  plume  region.  Because  te  ionization 
unaffected  by  the  m  y  .„g  chamber  leaves  as 

process  is  less  than  lOU  /c  e  .  .  ,  ^wjn,  r~  500  m/s').  Because  the  neutrals 

neutrals  which  flow  through  the  gnds  ^  least  100  times  greater  than 

move  much  more  slowly  than  the  earn  ions,  propellant  efflux 

titeiondensirytluoughou^ostc^^ 

"TinZ^gluision  occurs  when  a  fast  ion  and  a  slow  neutial  trade  an  electron 
colhstons,  A  charge  g  ^  ^ 

through  a  resonance  process  ,h.v  are  created  by  CEX  collisions.  In  order  to  fulfill 

prevents  elections  from  leaving  the  mam  beam.  ^1*00^  are  acceleramd  sideways 

::r  s— cex  ions  t^e  groups:  titose  ^ 

emined  at  angles  up  to  90  degrees  "  ^  ^  tack  and 

downsueam  and  expand  out  “  striking  the  gnd  cause 

impact  the  material  tnto  the  plume:  non-propellant 

sputienng  to  occur,  w  sputtering  from  the 
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Ltal  with  a  low  coefficient  of  thermal  expansion.  The  low  thermal  expansion  coefficient  is 

use  with  ton  thrusters.  The^  grids  are  much  more  resistant  to  sputtenng  and  may  help  m  g 
“""Lm 'dln^O-s.  mercuty  and  cesium  were  the  most  commonly  -ed  prop^an.  for 

iTlrrbTaddl^ZgTa'lX  of  laboratory  studies  and  theoretical  models.  ^ 
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verify  that  the  plasma  density,  plasma  potential,  and  electron  temperature  in  the  plasma  beam  obey 
the  following  relationship 

n,{r,z)  =  nXO,z)cxp{-e[<KO,z)-<l>ir,z)]/kT,}  ^ ^ 

This  relationship  is  often  referred  to  as  the  “Barometric  Law,”  though  we  refer  to  it  as  the 
Boltzmann  relationship.  It  will  be  used  repeatedly  in  this  thesis,  though  generally  in  the  form 

=  n^cxp{-e(l>/ kT^} 

where  no  is  understood  to  be  the  electron  density  at  the  point  where  the  potential  is  zero.  Kaufman 
[1975]  showed  that  the  Boltzmann  relationship  holds  qualitatively  within  the  CEX  plasma  as  well 
as  within  the  beam  itself.  Quantitative  measurements  of  CEX  densities  and  velocities  are 
compUcated  by  the  need  to  account  for  facility  produced  background  plasma  in  measurements  of 
the  backflow  region.  Again,  a  variety  of  efforts  have  been  made  to  determine  the  importance  of 
facility  effects  on  CEX  measurements,  and  different  studies  report  that  facility  ions  have  anywhere 
from  an  “insignificant”  to  an  “overwhelming”  effect  on  CEX  plasma  measurements  [Carruth 
1982].  In  particular,  Komatsu  and  Sellen  measured  the  contribution  from  CEX  and  facility  plasma 
and  showed  that  CEX  plasma  dominates  the  exit  plane,  the  facility  plasma  quickly  comes  to 
dominate  measurements  taken  in  the  downstream  region.  The  facihty  and  thruster  size  are  both 
thought  to  have  a  significant  effect  on  laboratory  measurements,  and  facility  effects  must  be 
considered  when  evaluating  ground  based  CEX  plasma  measurements. 

A  series  of  different  models  of  the  ion  thruster  plume  have  been  developed  with  varying 
levels  of  complexity.  Point  source  models  similar  to  those  used  for  chemical  plumes  were 
developed  by  Kaufman  [1975]  and  Carruth  [1981].  These  models  are  relatively  simple  and  capture 
little  of  the  physics  of  the  plume  expansion.  Komatsu  and  Sellen  [1976]  used  a  particle  tracking 
model  based  on  experimental  measurements  to  show  that  CEX  ions  leave  the  main  beam  in  a  radial 
direction,  but  did  not  model  the  backflow  region.  Robinson  [1982]  used  a  particle  tracking  method 
to  study  CEX  ions,  but  failed  to  achieve  good  agreement  with  experiment  in  the  backflow  region. 
Katz  [1981]  developed  a  three-dimensional  isothermal  fluid  model  of  the  ion  thruster  plume  which 
included  CEX  ion  effects.  But  since  the  CEX  ion  flow  in  the  backflow  region  is  very  rarefied,  it  is 
unclear  that  a  fluid  formulation  applies  in  that  region.  Peng  [1991-1993]  used  a  three  dimensional 
hybrid  PIC-MCC  model  to  track  CEX  ions  in  the  vicinity  of  the  grids  and  model  the  sputtering  of 
material  from  the  grids.  Finally,  two  comprehensive  particle  based  computer  simulations  have 
been  developed  for  the  plume  from  an  ion  thruster.  Samanta  Roy  [1995]  used  a  hybrid  PIC  and 
neutral  fluid  model  to  simulate  the  plume  in  three  dimensions  on  meter  length  scales.  His  model 
uses  analytic  models  to  simulate  beam  ions  and  propellant  neutrals,  but  uses  the  hybrid  PIC 
method  to  simulate  CEX  ions.  His  method  compares  well  to  experimental  results,  but  requires  a 
massively  parallel  computer  to  compute  large  scale  problems.  Wang  et  al.  [1996]  developed  a 
three  dimensional  PIC-MCC  model  of  the  ion  thruster  plume.  Their  model  uses  particles  to 
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simulate  all  species  in  the  plume  of  the  NSTAR  ion  thruster.  Efforts  are  now  being  made  to 
implement  this  model  on  supercomputers  so  that  large  computational  domains  can  be  simulated. 
OveraU,  a  variety  of  different  models  have  been  developed  for  ion  thruster  plumes  with  some 
success  at  duplicating  experimental  results.  However,  at  the  present  time,  none  of  the  codes 
developed  are  appropriate  for  design  work,  as  they  are  either  insufficienUy  accurate  or  require  large 
computational  resources  to  model  meter  scale  three  dimensional  domains. 

Arc  lets 

At  the  present  time,  arcjets  are  arguably  one  of  the  simplest  and  most  mature  EP 
technologies.  Arcjets  are  electrothermal  thrusters  that  use  an  electrical  arc  to  heat  a  working  fluid 
which  is  then  accelerated  through  a  conventional  expansion  nozzle.  The  arc  is  set  up  between  a 
pointed  cathode  and  an  annular  anode  as  shown  in  Figure  1.4.  The  arc  partially  ionizes  the 
working  fluid  as  it  passes  through  the  device,  though  ionization  fraction  is  small  compared  to  that 
found  in  ion  or  closed-drift  thrusters.  Measurements  in  the  plume  region  give  ionization  fractions 
less  than  1%  at  a  distance  of  30  cm  from  the  nozzle  exit  [Camey  1988].  Arcjets  were  first 
developed  in  the  early  1950’s  and  have  matured  to  the  point  that  arcjets  are  now  used  for 
suitionkeeping  on  some  communications  satelhtes  [Ruyten  1993].  The  specific  impulse  of  an  arcjet 
is  low  compared  to  ion  or  Hall  Thrusters,  generally  between  400  and  600  seconds  with  Hydrazme 
propellants  though  specific  impulses  as  high  as  1 10  seconds  have  been  achieved  with  hydrogen 
arcjets.  Their  simple  design  and  ability  to  use  hydrazine  as  a  working  fluid  has  made  them 
attractive  for  near  term  use.  They  also  perform  better  than  Ion  and  Hall  thrusters  in  time 
constrained  missions  where  relatively  high  thrust  levels  are  desirable  from  an  EP  device. 

As  with  ion  thrusters,  a  series  of  different  experimental  measurements  have  been  made  of  the 
arcjet’s  plume  region.  Recent  studies  include  Camey  [1988],  Bogorad  et  al.  [1992],  Hoskins  et  al. 
[  1992],  Liebeskind  et  al.  [1993],  and  Ruyten  et  al.  [1993].  Further  studies  are  listed  in  Ruyten  et 
al.  [1993].  Camey  [1988]  used  a  Langmuir  probe  to  measure  the  electron  number  density  m  the 
plume  and  Liebeskind  used  Laser  Inducted  Huorescence  (LIF)  to  measure  velocity  and  temperature 
profiles  in  the  plume  at  distances  up  to  half  a  meter  from  the  nozzle  exit.  Bogorad  et  al.  [1992] 
made  an  effort  to  examine  experimentally  the  interaction  between  an  arcjet  plume  and  a  highly 
charged  surface.  Their  work  is  not  very  rigorous,  but  gives  a  qualitative  indication  that  charged 
surfaces  exposed  to  an  arcjet  plume  reach  ground  potential  within  a  few  seconds.  In  addition, 
Bogorad  found  that  the  plume  of  their  device  did  not  cause  significant  surface  degradation  over  40 
hours  of  exposure.  Further  testing  is  required  to  determine  the  impact  of  the  plume  after  many 
hours  of  operation.  A  series  of  space  based  tests  were  conducted  on  a  cesium  arcjet  flown  by  the 
USSR  on  Cosmos  satellites  launched  around  1987  [Borisov  1993].  These  satellites  were  flown  in 
relatively  low  orbits  where  the  Earth’s  magnetic  field  is  thought  to  have  a  significant  impact  on  the 
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structure  of  the  plume  [Borisov  1991].  In  these  flight  experiments,  the  plume  was  shown  to  have 
a  significant  impact  on  the  communications  downlink,  creating  a  radio  “shadow”  in  which  no 
signals  could  be  received.  These  effects  were  thought  to  be  a  result  of  interactions  between  the 
plume  and  the  Earth’s  magnetic  field,  which  created  a  “petal”  like  plume  structure  in  the  vicinity  of 
the  spacecraft.  No  radio  interference  has  been  reported  from  the  arcjet  which  is  presently  operating 
on  the  western  Telstar  4  satellite. 

While  a  great  deal  of  experimental  work  has  been  conducted  on  arcjets,  relatively  few  efforts 
have  been  made  to  analytically  or  computationally  model  an  arcjet’s  plume  region.  Carney  [1988] 
proposed  a  point  source  model  similar  to  Hill  and  Draper’s  variation  of  equation  (1.1-1).  Her 
model  shows  reasonable  agreement  with  experimental  data  in  some  cases,  but  is  less  good  in  other 
cases  and  requires  the  use  of  empirical  constants  determined  from  laboratory  data.  Ling  et  al. 

[  1991]  combined  a  similar  model  with  cold  plasma  and  ray  optics  models  to  estimate  the  effect  the 
plume  wUl  have  on  radio  signals.  His  work  indicates  that  the  plume  will  generally  have  litde  effect 
on  antenna  performance.  Gabdullin  etal  [1993]  constructed  numerical  solutions  to  the  “eiconal” 
equations  and  used  it  to  calculate  the  scattering  of  radio  waves  over  several  generic  arcjet  plume 
configurations.  Neither  the  numerical  method  nor  the  underlying  assumptions  are  described  in 
detail.  Boyd  [1993]  uses  the  DSMC  method  to  model  cold  flow  (no  arc  ignition)  from  an  arcjet. 

He  achieves  reasonable  agreement  with  experimental  data  but  since  the  DSMC  approach  is 
designed  for  rarefied  neutral  gases,  this  approach  can  not  be  easily  extended  to  operational  arcjets. 
To  date,  no  effort  has  been  made  to  apply  advanced  computational  techniques  to  model  the  plume 
of  an  operational  arcjet  and  no  comprehensive  models  exist  for  the  plume  of  an  arcjet  thruster. 
Designers  have  chosen  to  fly  these  devices  despite  the  lack  of  a  comprehensive  plume  model. 

1.1.3  Overview  of  Closed  Drift  Thruster  Plumes 

This  section  presents  a  comprehensive  review  of  previous  work  on  plumes  from  closed  drift 
thrusters.  The  term  “closed-drift  thruster”  refers  to  a  class  of  open  ended  (gridless)  thrusters  in 
which  electron  motion  is  restricted  by  a  magnetic  field  while  ions  are  electrostatically  accelerated 
out  the  end  of  a  channel.  The  term  Hall  Thruster  is  also  used  to  refer  to  closed-drift  devices.  Two 
different  closed-drift  thrusters  are  shown  in  Figure  1.5.  Closed  drift  thrusters  are  typically 
axisymmetric  devices  with  a  magnetic  field  oriented  in  the  radial  direction  and  an  electric  field 
parallel  to  the  thrust  direction.  The  electron  cyclotron  radius  is  small  by  design,  so  the  electron 
current  has  two  distinct  components:  one  which  flows  counter  to  the  thrust  direction  and  another 
which  is  perpendicular  to  both  the  ion  current  and  the  magnetic  field.  The  latter  component  is 
commonly  referred  to  as  the  “Hall”  current,  and  is  the  source  of  the  term  “Hall”  thruster. 

There  are  two  types  of  closed  drift  thrusters.  The  first  is  a  device  in  which  the  anode  is  made 
of  a  dielectric  material  and  is  referred  to  as  a  Hall  Thruster,  Stationary  Plasma  Thruster  (SPT)  or 
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closed-drift  extended  acceleration  (CDEA)  thruster.  The  nomenclature  has  become  quite  confused, 
as  the  term  Hall  Thruster  is  also  used  to  refer  to  closed-drift  thrusters  in  general  and  the  term  SPT 
thruster  acmally  refers  to  a  specific  CDEA  design.  Though  the  term  CDEA  has  fallen  out  of 
common  usage,  we  use  it  here  to  avoid  ambiguity.  The  SPT  is  a  CDEA  design  manufactured  by 
the  Russian  company  Fakel.  It  is  referred  to  by  a  number  indicating  the  outside  diameter  of  the 
acceleration  channel  in  mUUmeters.  Fakel  has  built  a  series  of  SPT  thrusters  including  the  SPT-70, 
SPT-100,  SFr-140,  and  SFT-lOO  thrusters.  The  SPT-70  has  substantial  flight  experience  in  the 
former  Soviet  Union  and  an  SPT-100  is  schedule  to  fly  on  an  experimental  French  satelhte  m  late 
1996.  The  second  type  of  closed  drift  thruster  is  the  “space  charge-sheath”  thruster  or  “anode  layer 
thruster  ”  This  is  a  device  in  which  the  anode  is  made  of  conductive  material  and  the  acceleration 
channel  is  relatively  short,  so  ions  undergo  most  of  their  acceleration  in  a  narrow  region  in  front  of 
the  anode.  The  TAL  thruster  is  a  type  of  Anode-Layer  thruster  and  is  manufactured  by 
TsNIIMASh  in  Russia.  It  is  also  being  marketed  for  use  in  the  West,  though  it  is  not  known  to 
have  been  flown  either  in  the  West  or  in  the  former  Soviet  Union. 

The  CDEA  and  anode  layer  thrusters  were  both  developed  in  the  1960  s,  but  because 
designers  were  interested  in  thrusters  with  higher  specific  impulses  and  the  SPT’s  unstable  plasma 
was  not  well  understood,  most  Western  work  on  closed  drift  thrusters  halted  in  the  early  1970  s 
[Kaiifimn  1983].  At  the  same  time,  researchers  in  the  former  Soviet  Union  continued  to  work  on 
closed  drift  thrusters  and  created  “flight  qualified”  designs  which  were  used  on  over  50  Russian 
spacecraft  during  the  1980’s  [Myers  et  al.  1993].  Western  experts  were  largely  unaware  of  this 
work  until  1991,  when  Russian  companies  began  to  market  the  SPT-70  and  SPT-100  for  use  in 
the  West.  For  this  reason,  relatively  little  published  work  on  closed  drift  thrusters  exists  from  the 
early  1970’s  through  the  end  of  the  Cold  War  in  1991.  Early  Western  work  on  closed  drift 
thrusters  took  place  before  this  period  and  has  been  summarized  by  Kaufman  [1983].  This  work 
is  largely  concerned  with  the  mechanics  of  the  thruster  itself  rather  than  the  plume  region.  The 
review  in  this  section  primarUy  describes  work  conducted  in  the  period  from  1991  until  the 
present.  This  work  represents  the  bulk  of  Western  experience  with  plumes  from  closed  drift 

thrusters. 

Experimental  Plume  Studies 

A  great  variety  of  experimental  work  has  been  conducted  on  the  closed  drift  thrusters  of 
various  types.  Early  experimental  efforts  on  CDEA  Thrusters  were  intended  to  help  understand  the 
physics  of  these  devices  and  improve  their  thrust  efficiency.  A  variety  of  measurements  were 
made  of  conditions  inside  the  acceleration  channel  including  measurements  by  Komurasaki  et  al 
[1991]  and  Bishaev  and  Kim  [1978].  Much  more  work  was  conducted  in  the  former  Soviet 
Union,  but  much  of  it  is  not  available  in  the  West.  In  an  effort  to  measure  the  divergence  of  ions  in 
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the  acceleration  channel,  Bishaev  and  Kim  used  planar  probes  to  measure  the  direction  and 
magnitude  of  the  ion  current  0.4  mm  from  the  channel  exit  [Bishaev  et  al.  1978  and  Gavryushin  et 
al.  1981].  Although  the  quality  of  the  results  is  unclear  (error  bars  are  not  provided),  these  results 
show  that  the  ion  beam  has  a  high  divergence  angle  and  ions  are  leaving  the  anode  at  angles  of  up 
to  50  degrees  from  the  centerline.  Their  work  also  showed  that  the  gradient  of  the  magnetic  field 
has  a  substantial  influence  on  the  distribution  of  ions  leaving  the  anode.  Based  on  this 
observation,  work  was  conducted  to  “tune”  the  magnetic  field  and  increase  thrust  efficiencies.  It  is 
this  effort  which  presumably  resulted  in  the  thrusters  which  are  now  referred  to  as  the  SPT-70  and 
SPT-100  thrusters. 

Although  Soviet  researchers  spent  a  great  deal  of  time  developing  and  constructing  CDEA 
Thrusters,  little  of  their  work  was  published  in  the  West  until  1991.  Then,  suddenly,  a  wide 
variety  of  information  was  published  on  the  operation  and  performance  of  the  SPT  thrusters, 
including  measurements  of  their  thrust,  efficiency,  specific  impulse,  current-voltage  characteristics, 
and  the  ion  current  magnitude  and  ionization  rate  inside  the  acceleration  channel  [Bugrova  et  al. 
1991],  As  with  most  Soviet/Russian  data  of  this  type,  the  quality  of  these  results  is  unclear.  The 
methods  used  to  collect  the  data  are  not  described  and  error  bars  are  not  provided  with  these 
measurements.  Though  later  work  has  verified  many  of  the  reported  values  (including  the  reported 
thrust,  efficiency,  and  specific  impulse),  the  experimental  measurements  taken  inside  the  channel 
have  not  yet  been  duplicated  and  should  be  treated  with  some  skepticism.  The  first  published  far 
field  plume  data  was  published  by  Absalamov  et  al.  [1992].  These  results  include  Retarding 
Potential  Analyzer  (RPA)  measurements  of  the  ion  distribution  and  wimess  plate  measurements  of 
erosion  rates  on  solar  cell  cover  glasses  one  meter  away  from  the  anode  exit.  The  experiments 
cover  a  limited  region  of  the  plume,  from  0  to  67  degrees  from  the  centerline,  and  measure  the 
erosion  rate  over  period  of  only  95  hours.  Again,  error  bars  are  not  presented  and  the  erosion 
results  are  quite  vague.  In  addition,  some  inconsistencies  are  present  in  the  RPA  data.  These 
inconsistencies  are  discussed  further  in  section  4.2.4. 

When  SPT  thrusters  became  available  to  Western  researchers,  a  variety  of  efforts  were 
undcrutken  to  duplicate  and  extend  Russian  experimental  work.  Myers  and  Manzella  [1993]  used  a 
combination  of  probes  to  measure  the  electron  density,  electron  temperature,  and  ion  current 
density  in  the  plume  at  distances  of  up  to  4  m  away  from  the  anode  exit.  Their  work  is  very 
thorough  and  error  bars  are  provided  throughout  their  data.  The  electron  temperature  is  shown  to 
be  constant  throughout  much  of  the  plume,  and  preliminary  RPA  measurements  are  presented 
showing  that  ions  in  the  plume  possess  a  wide  range  of  energies  that  spans  more  than  100  Volts. 
MiiiKclla  1 1993]  measured  the  emission  spectrum  at  the  exit  of  an  SPT-100  and  made  the  only 
known  attempt  to  measure  the  plume’s  composition.  His  results  suggest  that  the  plume  is  1-5% 

Xe  I  (neutrals).  76‘7f-897c  Xe  II  (single  ions)  and  1 1.9%-197c  Xe  III  (double  ions).  In  addition. 
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he  noted  that  no  nteasurable  quantities  of  enxled  material  are  present  in  the  plume  regton.  Manzella 
also  documented  the  ptesence  of  ••osciUatoty”  and  “quiescent”  thruster  operatton  modes 
differentiated  them  by  examining  the  magnitude  of  oscillations  in  dte  dUcharge  cu^nt.  Hrs  r«ults 
“lest  that  instahUities  may  play  an  important  role  in  the  operation  of  the  SFr-100  thmster.  Emor 

bars  were  not  given  on  any  of  these  results.  Uter,M<TOeH«119941usedL^rInduce 

HuorescenceO-lF)  to  measure  the  velocity  and  temperature  of  tons  m  the  pume  region,  e 

measured  the  axial  and  mdial  velocity  of  ions  located  1 1  mm  downstream  of  the  anode  e^and 
determined  dteir  temperature  by  examining  the  width  of  the  emission  spectrum.  Again,  error  bam 
were  not  included.  In  1995,  ManzeUa  used  a  planar  probe  to  measure  the  ton  current  dens  ty  m  the 
plnmes  of  an  SFT- 100.  a  T-lOO,  and  a  D-55  thmster.  The  T- 100  is  a  CDEA  Thruster  produced  by 

Nim>  in  Russia  and  the  D-55  is  a  TAL  thruster  produced  by  TsNIIMASh  also  m  Russia. 

Manzella's  measurement  of  the  ion  current  density  showed  that  the  three  plumes  are  very  sjmtlar 
,0  each  other.  Manzella  also  demonstrated  that  varying  the  facihty  pressure  has  a  subsMUal  nupact 
on  the  ion  cuaent  density  profdes,  particularly  in  the  backflow  region.  Again,  although  Ae  wor 
is  thorough,  error  bars  are  not  provided  and  some  inconsistencies  are  present.  In  particular,  the 
integrated  beam  currents  measured  in  his  work  often  exceed  the  thruster’s  discharge  ctineni,  thus 
violaung  charge  conservation  laws.  This  discrepancy  and  steps  taken  to  correct  for  it  are  described 


in  detail  in  section  4.2.2. 

One  issue  of  paramount  interest  to  spacecraft  designers  is  the  impact  the  plume  has  on  the 
surfaces  of  solar  arrays,  including  their  cover  glasses  and  interconnectors.  Several  expements 
were  conducted  in  which  sample  coverglasses  and  interconnectors  were  exposed  to  the  plume  for 
an  extended  period  of  lime  and  then  examined  for  erosion,  contamination,  and  changes  in  opucal 
characteristics.  The  first  reported  use  of  witness  plates  was  by  Absalamov  et  at.  [1992],  but  the 
results  presented  are  quite  vague  and  their  quality  is  unclear.  Pencil  [  1993]  conducted  wimess 
plate  experiments  on  a  tecently  manufacmted  SPT-100  in  a  vacuum  tank  at  NASA  Uwts  and 
exposed  pieces  of  Quartz  to  the  plume  of  an  SPT-100  for  a  period  of  50  hours.  The  samples  wem 
placed  2  m  from  the  anode  exit  at  angles  ranging  from  0-90  degrees  from  the  centerhne.  Some  of 
these  samples  were  mounted  inside  collimators.  Collimators  are  cylindrical  tubes  with  an  open 
orifice  at  one  end  and  a  sample  mounted  at  the  other.  The  orifice  limits  the  sample’s  effective  field 
of  view  and  helps  prevent  contamination  due  to  material  sputtered  from  the  walls  of  the  vacuum 

chamber.  The  collimators  were  oriented  so  the  orifice  faced  the  thraster’s  exit  Samples  which 

were  not  protected  by  colUmators  showed  net  erosion  near  the  centerline,  but  net  depostuon  at 
angles  greater  than  sixty  degrees.  The  deposited  material  was,  however,  shown  to  be  from  the 
walls  of  the  facility  and  not  from  the  thruster  itself.  Samples  protected  by  coUimators  showed  no 
net  erosion  or  deposiuon  because  the  collimator  orifices  were  too  small  to  allow  accurate 
measurements  of  plume  interaction  effects.  The  experiment  was  repeated  with  improved 
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collimators  by  Randolph  and  Pencil  [1994],  Both  solar  cell  coverglasses  and  silver  interconnectors 
were  placed  in  collimators  1  m  from  the  anode  exit  and  exposed  to  the  plume  for  200  hours.  The 
results  include  measurements  of  erosion  rates,  transmissivity,  and  absorbitivity.  No  deposition 
was  measured  on  any  of  the  samples.  Pencil  and  Randolph  also  performed  a  witness  plate  test 
with  an  “end-of-life”  SPT-100  thruster  in  1996  [Pencil  and  Randolph  1996].  These  tests  were 
conducted  because  long  duration  tests  had  shown  that  the  metal  surfaces  of  the  SPT-100  can 
become  exposed  by  erosion  after  hundreds  of  hours  of  operations,  introducing  new  materials  into 
the  plume  region  [Gamer  et  al.  1995].  In  these  tests,  coverglasses  were  again  placed  in  collimators 
and  exposed  to  the  plume  of  an  old  SPT-100  thruster  for  200  hours.  The  transmissivity  and 
absorbitivity  were  measured  as  before  at  different  angles  with  respect  to  the  centerline.  Visual 
examination  of  the  samples  showed  that  some  coverglasses  had  experienced  net  deposition  rather 
than  erosion  as  before.  The  deposited  material  is  assumed  to  be  metal  which  was  sputtered  from 
exposed  surfaces  of  the  anode.  Interestingly,  net  deposition  only  occurred  in  a  fairly  narrow  range 
of  angles  from  70-85  degrees  from  the  centerline.  Samples  placed  at  angles  less  than  70  degrees 
from  the  centerline  experienced  relatively  high  erosion  rates  due  to  the  high  plasma  density  at  the 
core  of  the  plume.  Samples  placed  at  angles  greater  than  85  degrees  experienced  very  low 
deposition  rates  because  they  had  no  line  of  sight  to  exposed  parts  of  the  anode.  In  both  cases,  the 
net  deposition  rates  turns  out  to  be  negative,  and  no  deposition  was  seen  on  any  of  the  samples  in 
these  regions. 

The  most  recent  studies  of  the  plumes  from  SPT-100  and  D-lOO  thrusters  were  conducted  in 
a  relatively  new  facility  at  the  University  of  Michigan.  Unlike  the  facility  at  NASA  Lewis,  the  base 
pressure  in  the  University  of  Michigan  facility  is  quite  close  to  operating  pressure,  so  atmospheric 
contaminants  may  mfluence  data  taken  in  the  facility  [Gallimore  1996].  A  wide  variety  of 
measurements  have  been  made  in  this  facility  and  the  work  is  generally  very  thorough. 
Measurements  taken  of  the  SPT’s  include  microwave  measurements  of  the  plasma  density  in  the 
plume  [Ohler  et  al.  1995],  measurements  of  the  phase  shift  and  attenuation  of  L-band 
transmissions [O/i/cr  et  al.  1996],  measurements  of  ion  flux,  neutral  flux,  heat  flux,  and  the  ion 
energy  distribution  within  these  plumes  [King  1996],  and  very  near- field  measurements  of  the 
charge  and  ion  current  density  [Kim  1996].  The  near  field  and  neutral  flux  measurements 
represent  unique  data  which  were  not  previously  available  for  these  devices.  Additional 
experiments  have  also  been  conducted  with  SPT  and  TAL  thrusters  operating  on  Krypton 
propellant  [Ohler  1995,  Marrese  1995  and  Marrese  1996].  These  results  are  largely  of  academic 
value,  as  no  plans  presently  exist  to  use  Krypton  as  a  propellant  for  an  operational  SPT  thruster. 
However,  these  results  do  provide  necessary  data  on  the  physics  of  the  CDEA  Thrusters  and  the 
details  of  their  operation.  They  also  provide  another  set  of  data  which  can  be  used  to  test  proposed 
models  of  the  plume  region. 
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The  SPT-lOO’s  discharge  current  profile  is  quite  noisy  and  exhibits  a  variety  of  time 
dependent  phenomena.  Though  the  discharge  current  is  nominally  4.3  Amps,  current  vanahons  of 
4  amps  peak-to-peak  have  been  observed  in  some  modes  of  operation  {Mam.ella  1993].  SimUar 
though  smaller  variations  have  also  been  observed  with  the  D-lOO  TAL  thruster  {Marrese  et  al 
1996].  In  an  effort  to  determine  the  influence  of  these  instabilities  on  radio  transmissions,  Dickens 
et  al.  [1995]  used  a  Langmuir  probe  to  measure  the  time  dependent  variation  in  number  density 
along  the  centerUne.  Density  variations  of  up  to  12%  were  recorded  in  the  SPT-100  plume,  while 
variations  of  only  3%  were  measured  in  the  D-lOO  plume.  It  should  be  noted  that  the  SPT-100 
tested  was  an  “end  of  life”  model,  and  these  results  may  not  be  representative  of  the  beginnmg  of 
life  performance.  Dickens  also  measured  the  time  dependent  phase  shift  of  radio  signals 
transmitted  through  the  plumes  of  the  SPT-100  and  D-lOO  thrusters  at  a  frequency  of  6.2  GHz. 
Depending  on  the  thruster  and  the  geometry,  the  measured  phase  shift  varied  from  5  to  20  degrees. 
Based  on  these  results,  Dickens  also  constructed  a  simple  plume  model  based  on  the  model  of 
Carney  [1988].  This  model  is  discussed  in  detail  in  the  next  section. 

In  summary,  because  Western  companies  have  shown  great  interest  in  using  the  SPT  and 
TAL  thrusters,  a  large  number  of  ground  based  tests  have  been  conducted  in  order  to  charactenze 
the  plumes  from  these  devices  and  measure  their  impact  on  exposed  surfaces.  Many  aspects  of  the 
plume,  particularly  its  charge  and  current  densities,  have  been  studied  quite  thoroughly.  The  SPT- 
100  in  particular  been  the  object  of  many  experimental  efforts.  Nevertheless,  the  data  available  are 
occasionally  contradictory  and  the  magnitude  of  the  experimental  error  is  generally  unclear.  In 
addition,  it  is  unclear  how  well  these  ground  based  test  results  apply  to  orbital  conditions.  No 
space  based  experimental  data  have  been  produced  for  either  the  D-lOO  or  SPT-100  thrusters.  An 
SPT  thruster  is  manifested  for  a  flight  on  a  French  sateUite  later  in  1996.  Until  that  flight  occurs, 
the  only  data  available  are  from  ground  based  experiments. 

Theoretical  Work 

Because  relatively  few  data  are  available  on  processes  occurring  inside  anode  layer  thrusters, 
Uttle  effort  has  been  made  to  model  these  devices.  In  addition,  although  several  models  have  been 
proposed  to  describe  processes  occurring  inside  the  acceleration  channel  of  CDEA  Thrusters  [Fife 
1996,  Hirakawa  1996],  relatively  few  efforts  have  been  made  to  model  the  physics  of  the  plume 
region.  Several  simple  models  of  the  plume  have  been  developed  based  on  empirical  relationships. 
Dickens  [1995]  constructed  a  model  based  closely  on  the  model  developed  by  Carney  [1988]  for 
arcjets.  In  his  formulation,  the  number  density  in  the  plume  is  basically  given  by 

-(A(l-cos(e))]'' 
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where  Hq  is  the  on-axis  number  density  one  meter  from  the  anode  exit  and  p  and  X  are  empirical 
coefficients  determined  from  laboratory  data  and  Tq  is  an  arbitrary  constant  with  units  of  length 
squared.  Dickens’  original  formulation  does  not  include  the  Tq,  but  it  is  required  to  make  the  units 
consistent.  Dickens  used  a  modulation  term  to  model  oscillations  in  density  as  spherical 
wavefronts  emerging  from  the  center  of  the  thruster  exit  plane.  The  time  dependent  number 
density  is  then  given  by 

n(r,0,t)  =  -^-2p— - (l-m(cos(f^2M-rkp)))  (1.1-4) 

where  m  and  fm  are  additional  empirical  parameters.  Steady  state  density  profiles  based  on 
equation  (1.1-4)  match  experimental  data  fairly  well  when  m  is  between  0.5  and  0.7  and  X  is 
between  40  to  60.  However,  predictions  of  the  phase  shift  depend  heavily  on  m  and  generally  fail 
to  match  experimental  values.  The  use  of  four  empirical  parameters  limits  the  value  of  this  model, 
particularly  since  it  does  not  include  the  interaction  between  the  thruster  and  ambient  gases  present 
in  the  test  chamber. 

Randolph  and  Pencil  also  constructed  an  empirical  plume  model  in  an  effort  to  predict  erosion 
and  deposition  rates  on  surfaces  exposed  to  the  plume  of  an  SPT-100  [Randolph  etal.  1994  and 
Pencil  et  al.  1996].  Their  model  uses  an  expression  for  the  current  density  based  on  a  two  term 
Gaussian  distribution  with  colhsionless  expansion,  resulting  in  a  density  that  falls  as  l/r^.  This 
expression  was  first  proposed  for  use  with  CDEA  Thrusters  by  Ohler  [1995]  and  gives 


k],  ko,  k3,  and  k4  are  empirical  constants  based  on  experimental  data  [Randolph  1996].  ki  and  k3 
are  unitless  constants  and  ko  and  k2  have  units  of  current  density.  A  model  for  the  sputtering 
coefficient  of  Xe  on  different  surfaces  was  also  developed  which  included  the  effects  of  energy  and 
impact  angle  on  the  sputtering  coefficient.  The  energy  dependent  sputtering  yield  was  integrated 
over  a  range  of  experimentally  determined  ion  energies  to  given  the  effective  sputtering  coefficient. 
The  resulting  model  matches  experiment  fairly  well  when  the  ion  impact  angle  is  normal  to  the 
surface,  but  matches  less  well  when  the  primary  impact  angle  is  45  degrees.  This  makes  the  model 
useful  for  “rule-of-thumb”  calculations,  but  again  the  presence  of  empirical  parameters  makes  it 
difficult  to  extend  results  from  laboratory  to  experimental  conditions.  Better  models  are  clearly 
needed  to  fully  characterize  the  plume  region. 

At  the  present  time,  only  two  efforts  have  been  made  to  develop  advanced  models  of  a  Hall 
Thruster  plume.  Bishaev  et  al.  [1993]  constructs  a  multi-fluid  model  of  the  plume  based  on  kinetic 
descriptions  of  the  ion  and  neutral  distribution  functions.  Electrons  are  modeled  as  an  adiabatic  gas 
and  charge  exchange  collisions  are  included  using  the  Crook  collision  operator.  The  result  is  a 
complex  system  of  equations  which  are  solved  on  a  Cartesian  grid  using  an  unspecified 
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compolalional  technique.  TTie  fomtulation  U  quite  complex  and  the  results  appear  to  be  Itmt 
stmple  geometries,  the  plume  is  modeled  in  normalized  coordinates  to  distances  eqmvalent  to  h^f 
a  meter  from  the  exit  of  an  SPT-100  thruster.  A  brief  comparison  ts  made  between  the  model  ^d 
experimental  data  and  is  shown  in  Figure  1.6.  No  units  are  included  in  the  ftgute,  and  the  qu  ty 
of  the  comparison  is  unclear.  Ute  basic  model  appears  sound,  but  the  formulatton  qmte  complex 

and  probably  difficult  to  extend  to  realistic  geometries.  ,  '  •  u 

Rhee  and  Lewis  [1995]  developed  a  hybrid  Particle-in-CeU  model  of  an  SPT  plume  w  ic 
combines  an  analytical  model  of  the  ion  beam  with  a  PIC  model  for  the  CEX  ions,  -rhe  method 
used  is  similar  to  the  method  employed  by  Srnnmtm  Roy  [1995]  to  model  plumes  from  ton 
thrusters  However,  Rhee  and  Lewis  use  a  modified  PIC  method  which  uses  stmulated  panicles  to 
represent  the  difference  between  the  ion  and  electron  charge  densiUes.  It  is  our  optraon  that  this 
method  is  fundamentally  invalid.  In  plasmas,  perturbations  in  charge  propagate  as  waves,  not  as 
particles,  and  travel  at  the  relevant  wave  propagation  velocity.  In  the  modified  PIC  method,  c  arge 
perturbations  navel  as  particles  at  a  rate  detctmined  by  the  charge  and  mass  of  the  parucle.  The 
author’s  claim  that  their  method  “by  default,  assumes  that  there  is  a  neutraltzmg  electron 
backaround,"  is  also  incorrect,  PIC  simulauons  mustdirecdy  simulate  elecffons  usmg  either 
particles  or  a  hybrid  formulation.  We  therefore  conclude  that  the  method  used  is  fundamentally 
flawed  and  the  overall  model  invalid. 

In  summary,  although  a  variety  of  different  experimental  studies  have  been  undertaken  of  the 
plumes  produced  by  CDEA  and  Anode  Layer  thrusters,  relatively  Uttle  effort  has  been  made  to 
model  the  CDEA  Thruster’s  plume  region.  The  models  which  do  exist  tend  to  be  simple  and 
empirical  formulations  which  are  difficult  to  apply  to  space  operations.  To  date,  only  one  vaUd 
effort  has  been  made  to  develop  a  three  dimensional  model  of  the  plume.  This  model  uses  a  kineuc 
formulation  to  solve  for  the  various  species  in  the  plume,  and  although  the  basic  model  is  sound, 
the  accuracy  of  the  model  is  unclear.  There  is  a  fundamental  need  for  an  accurate,  three 
dimensional  model  of  a  Hall  Thruster  plume  which  can  be  used  to  simulate  realisuc  spacecraft 
geometries.  The  goal  of  this  thesis  is  to  describe  the  physics  of  expanding  plasma  plumes  and 
develop  a  computational  model  which  can  simulate  the  plume  from  a  Hall  Thruster.  The 
formulation  used  wUl  be  generally  applicable  to  plumes  from  a  variety  of  devices  mcluding  ion 
thrusters,  anode  layer  thrusters,  SPT  thrusters,  and  the  quasi-neutral  regions  of  plumes  released  by 
plasma  contactors.  This  model  will  address  a  critical  need  within  the  spacecraft  commumty  by 
allowing  designers  to  determine  the  impact  that  many  types  of  plasma  plumes  will  have  on  the 
operation  of  a  spacecraft.  The  model  will  not  include  Coulomb  colUsions,  so  it  will  not  apply  to 
plumes  in  which  the  plasma  density  is  much  higher  than  that  seen  in  the  plume  of  a  Hall  Hiruster. 
The  model  is  also  quasi-neutral  by  assumption,  so  it  wiU  not  apply  to  plumes  contammg  double 
layers  or  other  non  quasi-neutral  regions. 
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1.1.4  Previously  Developed  Computational  Methods 

Plasma  are  used  today  in  a  variety  of  applications  including  electric  propulsion, 
semiconductor  processing,  and  fusion  research.  A  substantial  effort  has  also  been  made  to  model 
rarefied  neutral  gases  both  for  space  and  terrestrial  applications.  In  both  cases,  the  traditional  Euler 
and  Navier-Stokes  formulations  do  not  apply  because  the  flow  can  be  highly  non-Maxwellian  and 
because  they  do  not  properly  model  transport  properties  in  ionized  gases.  As  a  result,  substantial 
efforts  have  been  made  to  develop  computational  methods  for  simulating  plasmas  and  rarefied 
gases.  A  variety  of  different  formulations  now  exist,  including  the  Molecular  Dynamics  method, 
the  Particle-in-CeU  method,  Particle-in-Cell  with  Monte  Carlo  Collisions,  and  the  Direct  Simulation 
Monte  Carlo  method.  Molecular  Dynamics  is  sometimes  used  to  study  basic  phenomena,  but 
because  the  computation  time  required  by  the  method  scales  as  order  or  higher,  it  is  not 
appropriate  for  large  scale  simulations.  A  detailed  description  of  this  method  is  given  in 
Lubachevsky  [1991].  This  section  reviews  the  most  commonly  used  particle  methods:  the  PIC, 
PIC-MCC,  and  DSMC  algorithms.  Because  these  methods  are  well  established  and  used  in  a 
variety  of  applications,  no  effort  is  made  to  review  the  literature  surrounding  each  technique. 
Instead,  the  basic  techniques  and  assumptions  used  with  each  method  are  described  in  separate 
sections.  It  should  be  noted  that  the  model  used  in  this  thesis  is  a  combination  of  the  PIC  and 
DSMC  methods  and  is  subject  to  many  of  the  limitations  present  in  both  methods. 

Particle-in-Cell  Method 

The  particle-in-cell  method  is  used  to  model  the  motion  of  particles  in  self  and  externally 
induced  conservative  force  fields.  This  technique  has  been  applied  to  a  variety  of  fields  including 
astrophysics,  thermodynamics,  semiconductor  device  simulation  and  plasma  physics.  The  PIC 
method  is  described  in  detail  in  books  by  Eastwood  [1988]  and  Birdsall  and  Langdon  [1991]. 
Fundamentally,  the  PIC  method  uses  computational  particles  to  model  plasmas  at  a  statistical  and 
molecular  level.  A  large  number  of  computational  particles  are  used  to  represent  an  even  larger 
number  of  real  particles  moving  in  a  conservative  force  field.  In  Cartesian  coordinates,  the  basic 
equation  of  motion  for  a  charged  particle  moving  in  an  electric  field  is 

^  =  3^2.  (1.1-5) 

dt^  m,  dt-  m,  dt^  m^ 

Because  the  charge  and  mass  of  the  charged  particle  always  appear  as  a  ratio  in  these  equations,  a 
single  computational  particle  can  be  used  to  represent  thousands  of  charged  particles  without 
changing  the  basic  equations  of  motion.  In  fact,  since  the  charge  to  mass  ratio  is  independent  of 
the  number  of  particles,  each  computational  particle  can  represent  thousands  of  electrons  or  ions 
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te  pic  metod  is  ,0  cre«e  a  coUecuon  of  maoropanides  and  boundary 
cond«  connspond  .0  some  physical  sysien.  and  d.en  move  d.e  parudes  m  a  manner 

condmonswmcn  p  .  flowchart  diagram  of  ihe  PIC  method  U  shown  m  Figure  1.7. 

O  rri  sTsmm  evolves  like  a  mal  plasma  and  will  reach  a  smady  state  solution.  Since  the 

ncrdt'dtirccuratedtca^ 

A  no  Thp  main  difficulty  with  this  method  is  that  solvmg  system 
Ta  r^reirtowWge^'ihe  local  electric  field..  This  electric  field  is  induced  by  te  particles 
Zsis  and  therefore  v^es  in  time  and  space.  From  Coulomb's  law.  the  electncal  force 

between  two  charged  particles  is  given  by  i  „ 

F  =  ^  4i42 

4;r£„  d^ 

Where,,  andq,  are  flte  charges  of  dte  two  particles  and  d  is  the  distance  berween  them.  Retold 

electncal  force  ™  a  charged  parucle  is  the  sum  of  the  forces  induced  by  every  other  parucle  m  the 
plasma  Determining  this  force  directly  requires  determining  the  distance  between  the  ^ 

each  of  the  odter  particles  present  in  die  simulation.  Calculating  the  force  is  therefore  an  o  der  N- 
operation  (i.e.  the  computational  time  required  scales  as  the  square  of  the  number  »f  “ 

is  compuuitionaUy  impractical  for  large  numbers  of  particles.  To  avoid  scahng  problems,  the  PIC 
alcoriUim  uses  a  different  approach  to  determme  the  local  electric  field.  The  basic  -deats  o  divide 
up'  die  domain  into  cells  and  then  determine  the  charge  density  by  counting  up  the  number  of 
charges  in  each  cell  and  dividing  by  its  volume.  Once  the  charge  density  is  determmed. 
electrical  potential  can  be  determined  by  solving  Poisson’s  equation. 

n  r  y  -p{x,ytZ) 

V^p(x,y,z)  =  -^^^^^ - 

Where  (J)(x,y,z)  is.the  electrical  potential  and  p(x,  y,  z)  is  the  charge  density  as  a  funcuon  of 
position.  The  local  electric  field  can  then  be  found  by  differentiating  the  potenual. 

E  =  -V<I> 

Wcighung  parucles  to  a  grid  and  differentiating  the  potential  are  both  OrderfN)  process^.  Sotag 
Poisson's  equation  is  typically  an  Order  (M  In  M)  process  where  M  is  die  number  of  nodes  on  he 
grid.  OrderfM)  methods  also  exist,  though  the  overhead  associated  ^ 

more  practical  to  use  an  M  In  M  method  in  many  cases  [Press  «  al..  pp.  827-888).  The  net 
is  that  the  overall  process  of  weighting  particies.  solving  for  the  electnc  potential,  and  dien 
Lrendating  to  obtain  the  electric  field  is  an  0<N  in  N)  process.  This  allows  one  to  model  much 
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larger  domains  than  would  be  possible  if  one  were  to  directly  calculate  the  force  on  each  charged 
particle. 

The  validity  of  the  PIC  method  depends  on  having  small  enough  cells  to  resolve  all  important 
physical  processes  and  on  having  enough  computational  particles  in  each  cell  to  obtain  statistically 
valid  samples.  Empirical  tests  suggest  that  approximately  10  particles  per  cell  are  required  to 
obtain  accurate  results  using  the  PIC  method  [Hockney  pg.  22].  The  number  of  cells  required  to 
cover  the  domain  determines  the  number  of  particles  required  for  the  simulation,  which  in  turn 
determines  the  amount  of  memory  and  computational  time  required  to  obtain  a  solution.  In  a 


plasma,  the  fundamental  length  scale  is  the  Debye  length,  which  is  given  by 


where  n  is  the  local  plasma  density.  For  the  full  PIC  method  to  be  accurate,  the  size  of  the 
computational  mesh  must  be  no  larger  than  the  Debye  length,  or  the  simulation  will  fail  to  resolve 
wavelengths  of  interest  in  the  plasma.  The  Debye  length  is  inversely  proportional  to  the  square 
root  of  the  charge  density,  so  it  becomes  very  computationally  intensive  to  model  very  dense 
plasmas  on  large  length  scales. 

The  computational  particles  are  moved  by  integrating  system  (1.1-5)  using  a  finite  difference 
method.  One  commonly  used  method  is  the  leapfrog  method,  which  is  second  order  accurate  in 
time  when  applied  to  (1.1-5).  Like  the  computational  grid,  the  timestep  which  is  used  to  advance 
the  simulation  is  also  limited  by  physical  considerations.  In  general,  the  timestep  must  be  small 
enough  to  resolve  all  frequencies  of  interest.  In  a  plasma,  the  highest  frequency  of  interest  is 
usually  the  electron  plasma  frequency  which  is  given  by 


"pe  = 


(1.1-6) 


The  minimum  requirement  to  resolve  this  frequency  is  given  by  the  following  relationship 
[Hochiey  et  al.  pg.  335]. 

In  practice,  a  smaller  timestep  is  often  required  to  resolve  electron  plasma  wave  phenomena 
adequately.  Again,  as  the  plasma  density  increases,  the  plasma  frequency  increases  and  more 
timesteps  are  required  to  reach  the  final  solution.  In  addition,  the  need  to  meet  the  requirements  of 
(1.1-7)  make  it  very  difficult  to  resolve  physical  phenomena  occurring  on  ion  plasma  timescales. 
The  ion  plasma  frequency,  for  instance,  is  given  by 

In  Xenon,  mj/me  is  239,297,  so  0)i  and  ©e  differ  by  a  factor  of  500.  This  difference  makes  it 
difficult  to  resolve  ion  plasma  waves  using  a  traditional  PIC  method.  An  alternative  approach  is  to 
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model  the  ions  using  a  PIC  method,  but  to  model  the  electrons  using  a  Vlasov  or  hydrodynamic 
fomtulation.  This  technique  is  known  as  a  hybrid-PIC  model.  Because  the  electrons  are  treated 
separately  from  the  ions,  the  highest  frequency  of  interestin  the  PIC  part  of  the  simulation  « the 
ion  plasma  frequency,  so  timesleps  can  occur  on  ion  timescales.  Another  altematrve  to  tradinonal 
PIC  is  to  integrate  the  equations  of  motion  using  an  irapUcit  formulation  which  is  stable  even  when 
(UeAt »  2.  Such  schemes  have  had  some  success  though  they  can  become  very  complex  and  are 

subject  to  their  own  timescale  limitations  [Birdsall  et  al.  pg.  205]. 

In  summary,  the  PIC  algorithm  is  a  well  established  computational  method  which  has  been 

used  to  simulate  plasmas  in  a  variety  of  different  appUcations.  Though  more  computauonally 
expensive  than  traditional  solvers  based  on  the  hydrodynamic  equations,  the  PIC  method  is 
necessary  when  simulating  highly  non-MaxwelUan  plasmas. 

Pt^nirlp  in  Cell  with  Monte  Carlo  CoUision.s  (PIC-MCQ 

Although  the  PIC  method  is  well  suited  to  the  simulation  of  collisionless  plasmas,  it  can  not 
be  used  to  simulate  coUisional  plasmas  for  two  reasons.  First,  when  a  particle  is  weighted  to  the 
grid,  the  charge  it  carries  is  effectively  smeared  out  in  space,  so  particles  in  the  same  cell  are  unable 
10  "see”  and  interact  with  each  other.  Second,  since  neutral  atoms  carry  no  charge,  they  do  not 
contribute  to  the  electric  field  in  system  (1.1-5)  and  can  not  influence  the  trajectories  of  other 
particles  in  the  plasma.  In  many  cases,  the  presence  of  neutrals  can  have  a  substantial  impact  on  a 
partially  ionized  plasma.  In  order  to  model  collisional  phenomena,  a  modification  of  the  PIC 
method  known  as  the  Particle-in-Cell  method  with  Monte  Carlo  Collisions  (PIC-MCC)  has  been 
developed.  This  model  is  described  in  detail  by  Birdsall  [1991]  and  has  been  appUed  to  low 
pressure,  low  density  plasmas  with  “only  a  few  particles  colUding  per  field  time  step.”  The  range 
of  conditions  in  which  PIC-MCC  has  been  used  is  at  pressures  <  a  few  100  millitorr  and  plasma 
densities  less  than  10l6  m-3  [Birdsall  1991].  Like  the  PIC  method,  the  PIC-MCC  method  is  based 
on  the  use  of  computational  macroparticles  to  model  plasmas  staustically  at  a  molecular  level.  In 
the  PIC-MCC  model,  macroparticles  are  used  to  represent  both  ions  and  neutrals  in  the  plasma. 

Just  as  in  a  conventional  PIC  model,  particles  are  weighted  to  the  grid,  the  electric  field  is 
calculated,  and  the  particles  are  moved  according  to  system  (1.1-5)  using  fmite-difference 
approximation.  The  neutral  particles  are  not  influenced  by  the  electric  field  and  do  not  contribute  to 
the  charge  density,  so  they  move  on  ballistic  trajectories  independentiy  of  the  charged  parades. 

The  difference  between  the  PIC  and  PIC-MCC  methods  is  that  an  exaa  Monte  Carlo  Collision  step 
occurs  in  each  iteration,  as  shown  in  Figure  1.8.  During  the  MCC  step,  the  are  weighted 

to  the  grid  and  the  neuaal  density  is  calculated  as  a  function  of  position  in  the  plasma.  Each 
charged  particle  is  then  assigned  a  probability  that  it  will  undergo  a  collision  m  this  timestep  given 

by  [Birdsall  1991] 
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Pcollision  —  1  ""  ^ncutral^total 

Where  P  is  the  probabUity  that  a  coUision  occurs,  iineutral  is  the  local  neutral  density,  OtotalCEm)  is 
the  energy  dependent  total  collision  cross  section  and  is  the  particle’s  velocity.  The  expression 
for  P  is  vaUd  when  the  total  collision  cross  section  is  known  and  when  the  velocity  of  the  charged 
particle  is  much  greater  than  the  velocity  of  the  neutrals  in  the  simulation.  Once  P  is  Imown,  a 
random  number  p  is  chosen  and  compared  to  P.  If  P  >  P.  the  particle  is  scattered  in  this  timestep. 
The  velocities  of  scattered  particles  are  then  randomly  modified  to  account  for  the  dynamics  of  the 
collision.  In  CEX  collisions,  the  particle  is  scattered  isotropically  and  scattenng  angles  are  chosen 
from  uniform  distributions.  At  no  time  is  a  collision  partner  actually  chosen  for  the  scattered 
particle.  TTiis  is  a  fundamental  difference  between  the  PIC-MCC  method  and  fully  collisional 
methods  like  DSMC.  Since  no  colUsion  parmer  is  chosen,  the  relative  velocity  of  the  two  particles 
is  (strictly  speaking)  unknown  and  the  effect  of  a  collision  on  the  second  parmer  is  not  mcluded. 

In  CEX-like  coUisions  (fast  charged  particle  colliding  with  a  slow  neutral)  the  relative  velocity 
depends  almost  solely  on  the  ion  velocity  and  the  neutral  velocity  has  little  effect  on  the  colhsion 
cross  section  or  final  ion  velocity.  In  these  cases,  it  is  valid  to  model  the  collision  without 
considering  the  influence  of  the  second  collision  partner’s  velocity  on  the  colhsion  cross  section. 
With  coUisions  within  a  species,  on  the  other  hand,  the  relative  velocities  of  the  two  particles 
depends  strongly  on  both  coUision  partners.  SeU  collisions  and  colhsion  between  two  species 
moving  at  the  same  velocity  are  therefore  not  accurately  simulated  by  the  PIC-MCC  method.  In 
addition,  because  the  second  partner  is  never  chosen,  the  effect  of  CEX  colhsions  on  the  neutral 
gas  is  not  calculated,  the  velocity  of  neutral  particles  is  not  modified,  and  new  neutrals  are  not 
produced  by  any  of  these  coUisions.  Because  these  neutral  effects  are  ignored,  the  PIC-MCC 
method  is  valid  only  when  coUisions  can  be  said  to  have  lithe  effect  on  the  neutral  species’ 
distribution  function.  This  occurs  when  very  few  colhsions  occur  each  timestep  or  when  the 
neutral  density  is  much  greater  than  the  ion  density  (which  is  equivalent  to  requiring  that  the  ion 
colhsion  frequency  be  much  higher  than  the  neutral  coUision  frequency).  In  pnnciple,  it  may  be 
possible  to  apply  PIC-MCC  to  neutral  particles  in  situations  where  the  plasma  velocity  is  much 
higher  than  the  neutral  velocity.  In  these  cases,  it  may  be  possible  to  write  a  coUision  probabUity 
function  for  the  neutrals  based  solely  on  the  ion  velocity.  But  because  the  PIC-MCC  method 
models  coUisions  based  on  the  interaction  between  an  individual  particle  and  a  bulk  gas  (as 
opposed  to  the  interaction  between  two  particles),  it  can  never  be  apphed  in  situations  where  self- 
colhsions  are  important  or  where  colhsions  have  a  substantial  impact  on  the  underlying  distribution 
function  of  both  gases.  Many  different  forms  of  the  PIC-MCC  method  have  been  developed  and 

are  described  by  Birdsall  [1991]. 
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plumes  from  ion  PoUisions  between  charged  and  neutral  pamcles  by 

basic  PIC  method  and  mcludes  th  of  known  velocity  and  density. 

modeUngcollisionsbetweenatastpait.ce  of  collision  pairs.  For 

•n,e  method  is  computanonally  efficenp  bu 

tee—nTp^l'  simulauon  of  the  plumes  from  ion  thrusters  [Wung  e,  ul.  19951. 

<;imiilatinn  Monte-C^^rlo  ^omnutational  method  used  to  simulate  rarefied  neuual 

TheDSMCmediodisapamcle  ase  be  treated  as  a  continuum 

gases  in  which  Ihe  mean  free  path  is  ong  en  ^  ^  collisionless  flow.  Like  the  PIC  and 

flow  but  short  enough  so  that  the  gas  can  n  ^  a  gas  sutistically 

PIC-MCC  methods,  the  DSMC  me*o  us 

at  a  molecular  level.  Unl^e  the  PIC  and  ^  .jbe  modeling  of 

smttsucal  mediods  to  model  shod  „f  ptoblems  involving  uansiuon 

short  range  colUs.ons  *^.”1  described  in  detail  in  Bird  [1994].  Electric  fields  are  not 

flow  (as  shown  in  Figure  .  )  tpoUninne  is  not  appropriate  for  the  modeling  of 

considered  in  the  DSMC  algorithm,  so  this  techmq  ^^l,^,ely  coUisional 

charged  particles  (though  the  DSMC  me  o  successfully  used  to 

plasmas  used  in  semiconductor  ^  different  applications. 

model  chemical  reacuons  m  rarefied  ga  piC-MCC  algorithms.  Computauonal 

XhehasicDSMCmediod  — 

macroparticles  are  used  to  simu  conditions  are  chosen  to  match  a  physical 

the  DSMC  method  is  shown  in  Figu  ^rvllisions  at  a  molecular  level  is  to  compare  the 

The  most  straightforward  way  to  mo  e  molecule  in  the  gas,  determine  when  the 

ttajecory  of  each  molecule  lo  die  and  dien  appropriamly  modify  the 

next  colUsion  will  occur,  advance  e  sun  Dynamics  simulations  and  is  very 

two  colUsion  pariners.  This  procedure  ts  u  b.  the 

::m:r:::rm:::=— 
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is  to  decouple  collisions  and  move  steps  in  the  gas,  so  particles  can  be  moved  without  considering 
all  possible  collision  pairs.  Collisions  are  then  considered  in  a  separate  step.  Though  the  motion 
of  the  individual  particles  will  be  incorrect  (particles  will  appear  to  pass  “through”  each  other 
without  colliding  at  a  microscopic  level),  the  collective  motion  of  many  particles  can  modeled 
correctly  over  time  by  ensuring  that  the  proper  collisions  occur  between  move  steps. 

The  macroparticle  themselves  move  according  to  system  (1.1-5),  but  with  the  electric  field  set 
equal  to  zero.  At  the  end  of  each  move  step,  particles  that  end  up  in  the  same  cell  are  grouped 
together  using  a  fast  sorting  algorithm.  Collisions  are  then  carried  out  between  randomly  chosen 
pairs  of  particles  within  each  cell  grouping.  The  method  used  to  ensure  that  the  correct  number  of 
collision  occur  in  the  correct  proportions  is  critical  to  the  DSMC  scheme  and  merits  some 
discussion.  A  number  of  different  statistical  methods  are  used  in  various  applications,  but  we  will 
discuss  one  of  the  oldest  and  most  common  selection  algorithms:  the  selection-rejection  scheme 
with  local  time  counters.  A  scheme  will  be  described  for  simulations  in  which  a  single  species  can 
undergo  a  single  type  of  collision. 

As  the  name  implies,  the  local  time  counter  scheme  requires  that  each  cell  have  its  own  time 
counter .  At  the  beginning  of  the  simulation,  both  the  local  and  global  time  counters  are  set  equal  to 
zero.  At  the  beginning  of  each  iteration,  the  global  time  counter  in  incremented  by  one  time  step. 
Then,  after  the  particles  have  been  sorted  by  cell,  the  simulation  iterates  through  the  cells  and 
compares  the  value  of  a  local  time  counter  to  the  simulation’s  global  time.  If  the  local  time  is  larger 
than  the  global  time,  the  simulation  advances  to  the  next  cell  and  no  collisions  take  place.  If  the 
local  time  is  less  than  the  global  time,  the  simulation  randomly  selects  two  potential  collision 
partners  from  the  particles  present  in  the  cell.  The  simulation  then  calculates  their  relative  velocity 
and  energy  dependent  collision  cross  section  with  no  regard  for  the  actual  position  of  the  particles 
within  the  cell.  Since  the  position  of  the  particles  is  ignored,  another  random  selection  must  be 
made  to  determine  whether  or  not  the  particles  collide.  In  order  to  ensure  that  collision  pairs  are 
selected  in  the  correct  relative  proportions,  the  selection  must  be  weighted  by  the  product  of  the 
particles’  velocity  and  coUision  cross  section.  This  is  accomplished  by  selecting  a  random  number 
and  comparing  it  to  the  following  ratio 

(<TC,) 

V  (1.1-8) 

The  numerator  is  the  product  of  the  collision  cross  section  and  the  relative  speed  of  the  two 
potential  collision  partners.  The  denominator  is  the  largest  value  of  this  quantity  previously  seen  in 
this  cell.  The  value  of  varies  from  ceU  to  ceU  and  is  updated  with  each  iteration.  If  P  is 

greater  than  expression  (1.1-8),  two  different  potential  collision  partners  are  chosen  and  no 
colhsion  occurs.  If  p  is  less  than  expression  (1.1-8),  a  collision  is  assumed  to  occur  and  the  two 
particles  are  modified  accordingly.  This  selection  scheme  is  referred  to  as  the  selection-rejection 
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scheme  and  is  appropriate  when  simulating  a  single  type  of  collision.  A  modified  scheme  which 
can  be  used  to  simulate  multiple  collisions  is  discusses  in  section  3.5.1. 

When  a  collision  takes  place,  the  local  time  counter  is  updated  to  reflect  the  fact  that  a 
colUsion  has  occurred.  The  amount  by  which  the  local  time  counter  is  advanced  is  also  weighted 
by  the  collision  cross  section  on  the  following  basis.  The  average  volumetric  collision  frequency 

between  molecules  in  a  gas  is  given  by 

v  =  )^n^OC, 

where  v  is  the  number  of  colhsions  per  unit  volume  per  second.  This  expression  can  be  inverted  to 

give  a  collision  time.  In  the  local  time  counter  method,  this  quantity  represents  the  time  consumed 

bv  each  collision,  so  the  local  time  counter  is  advanced  by  the  following  quantity 

2W 

Atiocai  - 

where  V  is  the  volume  of  the  cell  and  W  is  weight  of  the  macroparticles.  This  formulation  is  valid 
for  a  single  species  undergoing  collisions  with  itself.  Alternate  formulations  for  multiple  particles 
undergoing  multiple  collisions  are  discussed  in  Section  3.5.1.  Once  a  collision  occurs,  the  local 
time  counter  is  again  compared  to  the  global  time  counter  to  determine  if  another  colUsion  is 
necessary.  This  process  is  continued  unul  the  local  time  in  each  cell  is  larger  than  the  global  time  in 
the  simulation,  at  which  point  another  iteration  can  occur.  Additional  iterations  take  place  until  the 

flow  reaches  a  steady  state  or  the  simulation  is  halted. 

Since  potential  collision  partners  are  selected  randomly  without  regard  for  their  location,  one 
important  Umitation  of  the  DSMC  method  is  that  the  size  of  the  grid  cells  must  be  smaller  than  a 
mean  free  path,  or  colUsions  will  take  place  between  particles  that  are  physicaUy  too  far  apart  for 
such  collisions  to  take  place.  In  addition,  it  has  been  empirically  observed  that  statistically  accurate 
results  are  obtained  when  there  are  more  than  -20  macroparticles  in  each  cell.  This  rule  is 
independent  of  the  colUsion  cross  section.  As  the  mean  free  path  gets  smaller,  the  number  of  cells 
increases,  which  in  turn  increases  the  number  of  particles  required.  Overall,  the  number  of 
particles  required  in  a  simulation  increases  with  the  number  density,  so  very  dense  flows  can  not 
be  simulated  using  the  DSMC  method. 

The  major  advantage  of  the  DSMC  method  is  that  the  sorting,  selection,  and  coUision 
processes  are  aU  order  N  or  order  N  In  N  processes.  As  a  result,  the  DSMC  method  can  be  used  to 
simulate  much  larger  problems  than  can  be  addressed  by  the  MD  method.  To  date,  the  DSMC 
method  has  been  used  for  a  wide  range  of  appUcations  and  has  been  repeatedly  verified  through 
experimental  studies.  It  has  been  an  important  tool  for  researchers  exploring  the  physics  of 
rarefied  gases,  including  the  expansion  of  neutral  gas  plumes  into  vacuum. 

In  summary,  a  variety  of  different  computational  algorithms  exist  which  use  computational 
macroparticles  to  statisticaUy  simulate  gases  and  plasmas  at  a  molecular  level.  These  algorithms 
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have  been  used  to  study  plasmas  and  rarefied  gases  in  a  variety  of  different  applications,  but  each 
method  is  subject  to  serious  theoretical  and  practical  limitations.  The  PIC  method  has  been  weU 
established  for  the  simulation  of  collisionless  plasmas,  but  is  fimdamentally  unsuited  for  the 
simulation  of  denser  plasmas  where  collisions  are  a  significant  factor.  Hie  DSMC  method  is  well 
suited  to  the  simulation  of  rarefied  gases,  but  does  not  include  the  long  range  interactions  present  in 
a  PIC  method.  In  addition,  each  method  is  subject  to  length  and  time  scale  limitations  determined 
by  the  fundamental  characteristics  of  the  gases  they  simulate.  The  PICrMCC  method  is  a  partial 
attempt  to  combine  both  short  and  long  range  interactions  into  single  computational  algorithm  but 
because  it  does  not  track  the  influence  of  colUsions  on  neutral  particles,  it  can  only  be  appUed  when 
the  neutral  density  is  much  higher  than  the  charge  density  in  the  plasma.  To  date,  no  general 

algonthm  has  been  constructed  with  the  ability  to  fully  model  the  interactions  between  a  non- 
Maxwellian  plasma  and  rarefied  neutral  gases; 

1.2  Outline  of  Research 

Although  a  great  deal  of  work  has  been  conducted  on  spacecraft-plume  interaction  issues  to 
date,  no  comprehensive  3D  simulations  have  been  constructed  of  the  relatively  high  density  plumes 

emitted  by  closed  dnft  thrusters.  This  thesis  will  address  this  issue  by  examining  the  following 
fundamental  questions: 

•  How  does  a  partially  ionized  plasma  plume  expand  into  a  vacuum? 

•  How  does  this  plume  interact  with  three  dimensional  solid  surfaces  it  encounters? 

•  What  computational  techniques  can  be  used  to  efficiently  model  a  3D  plasma  flow  and  its 
interaction  with  solid  surfaces? 

TOis  thesis  addresses  these  questions  by  describing  a  comprehensive  computational  model  of  the 
p  ume  from  a  Hall  Thruster.  In  particular,  this  work  will  consider  the  interaction  between  the 
plume  from  an  SPT-100  and  the  surfaces  of  the  spacecraft  on  which  the  thruster  is  mounted. 

though  the  pnmary  focus  of  this  work  will  be  on  Hall  Thrusters,  the  method  is  general  and  can 
be  applied  to  plumes  from  ion  thrusters,  anode  layer  thrusters,  and  the  quasi-neutral  regions  of 
plumes  from  plasma  contactors.  In  principle,  the  model  can  be  apphed  to  all  quasi-neutral,  steady- 
state  problems  involvmg  pamally  ionized  coUisional  plasmas  in  which  short-range  coulomb 
CO  hsions  are  unimportant.  The  quasi-neutral  PIC-DSMC  method  can  be  applied  to  problems 
M.ttonally  solved  usmg  the  PIC-MCC  method,  though  it  may  not  be  the  most  computationally 

Pir3r  T  ^‘i'-^sed  by 

C-MCC  such  as  plasmas  m  which  neutral-neutral  collisions  play  an  important  role  or  situations 

p™?  quasi-neutral 

PIC-DSMC  model  also  requires  much  less  computational  work  than  previous  models  and  can  be 
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appUed  to  realistic  spacecraft  geometries.  TOs  makes  the  model  a  suitable  preitotype  for  the 

develonment  of  simulations  to  be  used  for  spacecraft  design  work. 

Chapter  2  describes  the  basic  structure  of  the  plume  from  a  CDEA  Thruster  and  uses  some 

simple  models  to  derive  basic  plume  parameters.  Chapter  3  gives  a  detailed  descrtpnon  of  » 
axisymmetric  PIC-DSMC  model  of  the  plume  and  Chapter  4  presents  results  from  the  mode  as 
wellT  extensive  comparisons  to  experimental  dan.  Chapter  5  describes  a  three  dtmens.onal 
plume  model  based  on  the  same  fundamental  algorithms  and  Chapter  6  presents  stmulauons  wht 

verifv  the  3D  model  and  show  a  CDEA  Thiuster  mounted  on  a  typical  geosynchronou 

communications  satelUte.  Finally,  Chapter  7  presents  conclusions  and  plans  for  fumre  wor  on 


PIC-DSMC  plume  model. 
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Figure  1.1:  Flow  Regimes  Associated  with  a  Plume  Expanding  into  Vacuum 

IDettleff,  1991] 


Continuum  fipw  impirtgement 


surface 


surfoce 


Figure  1.2:  Regimes  of  Surface-Plume  Interaction 

[Dettleff,  1991] 
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Figure  1.3:  Picture  of  a  Typical  30  cm  Ion  Engine 


Anode/Nozzle 


Inlet 


Figure  1.4:  Picture  of  a  Typical  Arcjet  Thruster 
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Figure  1.5:  Pictures  of  Typical  Closed  Drift  Thrusters 
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1  -  ion  current  density  obtained  by  experiment 
2  -  ion  current  density  of  “high  speed”  ions 
3  -  Full  ion  current  density,  obtained  numerically 

Figure  1.6;  Comparison  of  Results  from  Bishaev[1993]  and  Experiment 

(As  taken  from  Bishaev  [1993]) 
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Figure  1.7:  Flowchart  Diagram  of  PIC  Method 


Figure  1.8:  Flowchart  Diagram  of  PIC-MCC  Method 


Initialize  Grid 


Collision  Routine 
(executed  for  each  cell) 


Figure  1.9:  Flowchart  Diagram  of  DSMC  Method 


Chapter  2:  Basic  Theory  and  Analysis 


The  plume  of  a  Hall  Thruster  is  composed  of  several  different  species  of  charged  and  neutral 
particles  which  interact  with  themselves  and  with  each  other  throughout  the  plume  region.  The 
first  step  in  constructing  a  computational  model  is  to  describe  the  thruster  s  basic  operating 
characteristics  and  determine  what  simplifying  assumptions  can  be  made  about  the  plasma.  This  in 
turn  requires  an  understanding  of  the  basic  characteristics  of  the  plasma,  including  its  Debye 
length,  Gyro  radius  and  Knudsen  number.  This  chapter  describes  the  basic  operating 
characteristics  of  a  Hall  Thruster  and  uses  a  simple  empirical  model  to  describe  and  estimate  the 
value  of  fundamental  parameters  in  the  plume  region.  The  model  used  is  a  point  source  model 
(similar  to  Equation  1.2)  that  is  intended  to  produce  order  of  magnitude  estimates  of  parameters  in 
the  plume  region.  The  model  does  not  accurately  duplicate  the  detailed  structure  of  the  plume  and 
should  not  be  used  for  design  purposes.  Based  on  the  calculated  parameters,  a  series  of 
simplifying  assumptions  can  be  made  about  the  plume  region.  These  assumptions  not  only  clarify 
the  physics  of  the  plasma,  but  also  form  the  basis  for  the  computational  model  described  in 
Chapters  3  and  5.  Section  2.1  describes  in  qualitative  terms  the  basic  operating  characteristics  of  a 
Hall  Thruster  and  Section  2.2  presents  a  simple  plume  model  which  is  used  to  estimate  various 
plume  parameters.  Section  2.3  summarizes  the  assumptions  which  can  be  made  based  on  the 
calculations  presented  in  Section  2.2.  and  briefly  considers  their  implications  for  the  computational 
model.  The  axisymmetric  and  three  dimensional  computational  models  are  described  in  detail  in 
Chapters  3  and  5  respectively. 
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2.1  Hall  Thrusters:  Basic  Principles  of  Operation 

The  primary  difference  between  a  Hall  Thruster  and  a  gridded  ion  thruster  is  that  the 
ionization  and  acceleration  of  propellant  take  place  in  a  single  acceleration  channel  rather  than  in 
separate  ionization  and  acceleration  zones.  Figure  2.1  is  a  schematic  diagram  of  a  Hall  Thruster. 
The  thruster  anode  region  is  axisymmetric  about  the  centerline,  but  the  cathode  is  a  point  source 
located  to  one  side  of  the  thruster.  The  acceleration  channel  is  an  annular  region  surrounded  by  an 
insulating  dielectric  material.  Magnetic  coils  are  used  to  set  up  a  radial  magnetic  field  in  the 
acceleration  channel.  The  strength  of  this  field  varies  with  axial  location,  but  the  exact 
configuration  of  the  field  is  considered  proprietary  information.  An  electric  field  is  established 
between  an  annular  anode  at  the  closed  end  of  the  channel  and  a  hollow  cathode  placed  just  to  the 
side  and  front  of  the  open  end  of  the  channel.  The  potential  difference  between  that  anode  and  the 
cathode  is  the  “discharge  voltage”  and  is  typically  300  V,  though  SPT  thrusters  have  been  operated 
at  higher  and  lower  voltages  in  the  laboratory.  The  cathode  is  typically  a  single  hollow  cathode, 
though  in  principle  a  different  electron  source  could  be  used  instead.  The  cathodes  used  on  the 
SPT-100  are  of  Russian  design  and  are  described  in  Arkhipov  et  al.  [1991].  Electrons  emitted  by 
the  cathode  are  attracted  towards  the  anode  and  enter  the  acceleration  channel.  In  the  channel,  the 
electrons  are  trapped  by  the  radial  magnetic  field  and  begin  to  orbit  around  the  field  lines.  At  the 
same  time,  the  interaction  of  the  electric  and  magnetic  fields  cause  the  electrons  to  drift  in  the 
azimuthal  direction,  creating  the  so-called  “Hall”  current  (as  defined  in  Mitchner  et  al  [pg.  173]). 
This  current  is  the  source  of  the  term  “Hall  Thruster.”  The  strength  of  the  magnetic  field  is  such 
that  electrons  entering  the  channel  are  considered  “magnetized”  because  they  gyrate  around  the  field 
lines  while  ions  entering  the  channel  are  considered  “unmagnetized”  because  they  follow  relatively 
straight  trajectories.  The  working  fluid,  typically  Xenon  gas,  flows  into  the  acceleration  channel 
and  is  impact  ionized  by  the  electrons  trapped  by  the  magnetic  field.  Both  single  and  double  ions 
are  created  by  impact  ionization.  The  collisions  enable  electrons  to  move  towards  the  anode 
through  a  diffusion  process.  The  ionization  process  is  relatively  efficient,  and  95%  of  the  working 
fluid  is  typically  ionized  in  an  SPT-1(X)  thruster.  The  resulting  ions  are  then  electrostatically 
accelerated  out  the  end  of  the  acceleration  channel  to  produce  thrust.  Because  ions  are  much 
heavier  than  electrons,  their  trajectories  are  relatively  straight  and  are  largely  unaffected  by  the 
presence  of  the  magnetic  field.  Nevertheless,  a  substantial  number  of  ions  end  up  colliding  with 
the  walls  of  the  anode.  This  results  in  wall  losses  that  are  thought  to  have  a  significant  impact  on 
Hall  Thruster  efficiency. 

Because  the  ionization  process  is  less  than  100%  efficient,  some  neutrals  also  escape  the 
acceleration  channel.  The  neutrals  move  at  thermal  velocities  which  are  much  lower  than  the  beam 
ion  velocity.  Ions  leaving  the  acceleration  channel  reach  velocities  in  excess  of  17000  m/s  while 
neutrals  typically  travel  at  speeds  less  than  500  m/s.  Unlike  an  ion  thruster,  however,  not  all  of 
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nf  a  Hall  Thruster  travel  at  the  same  velocity.  Ions  created  in  different  parts  of 

r  T  n  c^e.  fall  toough  different  electdcal  porennab  and  end  np  wim  different  final 
“i  '“r^  riona  created  near  the  end  of  the  channel  see  relatively  Uttle  voltage  drop  and  move  at 

rXrhiletonscteatedneartheanodes.. 

.ghvelocittes,  Asares.h~^^^^^ 

::t!:c:r:::pto.,ianttocrea.acon^ed^^^^^^^ 

:r  ;r.:::rrrrdr^^^^^^ 

“"'‘t'^rrsXorpoIdtrr='’plume  of  a  Hall  Thruster  bears  some  resembtace  to  the  ptoe 

of  an  ion  thruster.  In  both  cases,  a  group  of  slow  moving  neutrals  "^maTowe  eT 
moving  ions  dtrough  charge  exchange  coUis.ons  to  create  charge  exchange  ^ 

some  critical  differences  exist  between  the  plumes  from  these  two  devtces.  The  mass  flow 

TuZl  thruster  is  about  one  tend,  of  the  flow  rate  through  a  Hall « 

the  ions  is  about  2.3  times  faster  in  the  plume  region  [Sumnnrn  Roy  1995,  pg.  I-  e  pe 

electron  number  density  in  an  ion  thruster  plume  is  therefore  much  lower  than  that  m  a  Ha 

TU  Sier  about  1  X  10l«  m'^  The  neutral  density  in  an  ion  thruster  IS  about  the  same  as  that  m  a 

Han  "s!  the  neuual  density  ts  over  KK.  times  higher  than  the  ion  densi^  I5umun,u  «o,v 
1995  pg  25.28)  Because  the  neutral  density  is  much  greater  than  the  plasma  density,  hybnd 
Z  mCC  methods  can  be  used  to  sunulam  d.e  plumes  of  ion  diruster.  The  peah  electron  number 
denshy  in  a  Hal.  Thrusmr  plume  is  about  2  x  lon  m-3,  or  mn  times  higher  than  me  peak  plasma 
density  in  an  ion  thruster.  The  higher  electron  density  lowers  the  Debye  length  y  a  ° 
when  compared  to  ion  dmisters,  so  thirty  times  more  ceUs  are  required  to  sunulam  a  ^ 

in  three  dimensions  than  are  required  to  simulated  an  ion  thruster  plume  of  the  same  s.ze  (thoug 
not  the  same  power  or  thrust).  Given  that  previous  ion  thruster  sraiulanons  have  require 
massively  parallel  supercomputers  [Samonu,  Roy  1995),  the  larger  number  of  ceUs  requurf  poses 
a  pmcucal  barrier  to  the  use  of  conventional  PIC  techniques.  An  additional  problem  ts  tha  fte 
neutral  density  in  a  Had  Thruster  can  be  of  the  same  order  as  the  plasma  density.  Because  ih 
MCC  method  assumes  diat  the  plasma  density  is  much  higher  than  die  neutral  density,  tt  does  not 

rddIv  in  this  sitvi3.tion. 

It  should  be  nomd  that  Figum  2.1  presents  a  simpUfted  piemre  of  Hall  Thruster  operation. 
Experimenol  and  analytical  work  has  shown  that  a  considerable  number  of  mstabd.t.«  occur  ui  the 
acceleration  channel,  aeating  significant  time  dependent  variations  in  pomntial  and  charge  tost  y 
[Dickens  et  al  1995).  Analytic  and  experimental  work  also  suggests  that  e 
gradient  at  the  end  of  the  acceleration  channel  plays  a  role  in  maintaimng  the  stabtiity  of  the 
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discharge  [Bishaev  et  al.  1978].  Because  this  work  is  more  concerned  with  time  average  effects  m 
the  plume  than  with  the  physics  of  the  discharge  itself,  we  choose  to  ignore  these  time  dependent 
effects.  Further  reading  on  time  dependent  phenomena  is  available  in  Dickens  et  al.  [1995]  and 

,  U  U  11 

Anode  layer  thrusters  like  the  TAL  thruster  operate  on  the  same  pnnciples  as  the  Hall 
Thruster.  A  cathode  and  acceleration  channel  are  present  in  anode  layer  devices,  but  the 
acceleration  channel  is  lined  with  metal  rather  than  dielectric  material  and  is  much  shorter  than  the 
channel  of  an  SPT-100.  Because  the  acceleration  channel  is  quite  short,  most  of  the  ion 
acceleration  is  thought  to  occur  in  a  thin  region  in  front  of  the  acceleration  channel  rather  than 
inside  the  channel  itself.  This  region  is  referred  to  as  an  “anode  layer”  and  is  the  source  of  the  term 
“anode  layer  tliruster.”  The  exact  manner  in  which  a  TAL  thruster  operates  is  presently  unknown. 
In  particular,  it  is  unclear  what,  if  any,  role  the  conductive  surfaces  of  the  anode  play  in  the 
ionization  and  acceleration  process. 

2.2  Fundamental  Parameters 

The  best  smdied  of  the  closed  drift  thrusters  is  the  SPT-100,  which  is  a  type  of  Hall 
Thruster.  The  SPT-100  has  been  studied  extensively  in  Russia  and  in  the  West  and  its  basic 
characteristics  are  well  documented.  The  SPT-lOO’s  operating  parameters  are  summarized  in  Table 
2. 1  and  a  picture  of  the  SPT-100  is  shown  in  Figure  1.5.  The  values  shown  in  Table  2. 1  are 
nominal,  and  conditions  may  vary  from  thruster  to  thruster  and  experiment  to  experiment. 
Experiments  have  been  conducted  on  SPT’s  operating  at  different  discharge  voltages,  mass  flow 
rales,  and  even  when  using  different  propellants  [Marrese  1995]. 
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Specific  Impulse^ 

Impulse.  Anode  onlyj 
Thrust^ 

Discharp  Voltage^ 

Discharge  Current^ 

Power^ 

Efficiency^ 

Ffficiencv.  Anode  onl; 

Tnnpr  Tnsulator  Diameter^ 

Outer  Insulator  Diameter 
Propellant 

Propellant  Flow  Rate^ 
Fraction  of  Propellant  Directed  to 
Cathode^ 

Electron  Temperature  in  Plume'  (Te) 
Axial  Ion  Velocity  (Vz) 


1610  sec. 

1735  sec. 

84.9  mN 
300  V 
4.5  A 
1350  Watts 
49.7% 
53.5% 

56  mm 
100  mm 
Xenon 
5 .0-5 .2  mg./sec. 
-10% 

2-4  eV 
-17000  m/s 
>95% 


Fraction  of  Propellant  Ionized  in 
Di.scharge  Chamber  (pi)  _ 

Table  2.1:  SPT-100  Basic  Characteristics 

-Anode  only"  indicates  that  the  cathode  flow  is 
IlManzella  imt.  mil  HMyers^ Mzmc  la  19931 

4[Manzella  1993],  ^[Manzella  and  Sankovic  1995 J 

3.  ■  ToKU  5  1  arp  snecific  to  the  SPT-100  thruster,  they  are  “typical” 

dthough  the  values  shown  in  Table  2.1  are  specuic  to  me  o 

alues  for  generic  Hall  and  anode  layer  thrusters. 

The  fundamental  chatacteiisucs  of  the  plume  region  can  be  esumated  based  on  TaWe  1 ^ 

omelple  assumptions.  From  flux  conservabon,  the  ton  and  neuual  denstty  at  dte  end  of  dte 

icceleration  channel  is  given  by 

n,  =  r),ih/v^A 


n,=={l-T]i)mla,A 


(2.2-1) 


here  m  is  the  mass  flow  through  the  device,  A  is  the  exit  area  and  a„  is  the  speed  of  sound.  The 
c^  be  assumed  to  be  chohed  at  the  exit  of  dte  acceleratton  channel,  so  their  drift  veloctty  ts 

d-en  by  the  local  speed  of  sound 


m 
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For  a  monatomic  gas  like  Xenon,  y  =  5/3.  The  temperature  of  the  neutrals  in  the  acceleration 
channel  has  not  been  measured,  but  0. 1  eV  is  a  reasonable  guess  and  gives  a  sonic  speed  of  350 
m/s.  From  Table  2. 1,  the  fraction  of  the  total  flow  which  is  directed  to  the  anode  is  90%,  the 
ionization  fraction  at  the  end  of  the  channel  is  approximately  95%,  the  inner  acceleration  channel 
radius  is  23  mm  and  the  outer  channel  radius  is  50  mm.  Using  these  values  in  equation  (2.2-1) 
gives  ni  =  2.22  x  lOl'^  m-3  and  no  =  5.69  x  lO^^  m-3  at  the  anode  exit.  The  calculated  plasma 
density  is  consistent  with  near-field  measurements  of  the  electron  number  density  1  cm 
downstream  of  the  exit  plane  [Kim  et  al.  1978].  The  neutral  density  has  not  been  measured  in  this 
region. 

Equation  (2.2-1)  can  also  be  used  to  estimate  the  plasma  and  neutral  density  at  cathode  exit. 

A  total  of  10%  of  the  propellant  flowing  to  the  SPT-100  is  directed  to  two  hollow  cathodes  placed 
just  in  front  and  to  the  side  of  the  thruster.  Only  one  cathode  is  needed  to  operate  the  thruster,  but 
two  are  used  to  provide  redundancy  in  case  of  cathode  failure.  In  the  past,  both  cathodes 
continuously  received  propellant  even  though  only  one  was  operational  at  any  point  in  time.  This 
procedure  caused  erosion  to  occur  on  the  inactive  cathode  and  may  no  longer  be  used.  The 
ionization  fraction  in  a  hollow  cathode  is  relatively  low  (1%-10%)  and  can  be  approximated  as  zero 
for  purposes  of  this  analysis.  The  cathode  orifice  itself  is  very  small,  typically  0.5  mm  [Williams 
et  al.  1990],  Using  these  values  in  equation  (2.2-1)  gives  a  neutral  density  no  =  4.34  x  10^1  m-3  at 
the  cathode  exit. 

Because  the  plume  is  expanding  spherically,  it  is  reasonable  to  assume  that  the  density  will 
fall  as  1/r-.  This  allows  one  to  estimate  the  density  in  the  plume  based  on  a  model  like  that  given  in 
equation  (1.1-1).  For  purposes  of  this  analysis,  it  is  useful  to  set  f(0)  =  1.  Although  the  plume 
actually  has  higher  densities  along  the  centerline  and  lower  densities  at  the  edges,  f(0)=constant  is 
sufficient  for  estimating  the  plume’s  characteristics.  If  the  acceleration  channel  were  a  point 
source,  A  would  be  equal  to  the  radius  of  the  orifice.  Since  the  channel  is  actually  annular,  A  is  set 
equal  to  the  width  of  the  acceleration  channel.  This  provides  a  rough  estimate  of  the  density  in  the 
plume  region.  A  similar  model  can  used  to  estimate  the  density  contribution  from  the  cathode.  In 
this  case,  f(0)  =  1  and  A  is  set  equal  to  the  radius  of  the  cathode  orifice.  The  resulting  plasma  and 
neutral  densities  are  shown  in  Figure  2.3.  The  contributions  from  the  anode  and  cathode  are 
shown  separately  and  can  be  superimposed  to  obtain  the  local  neutral  density. 

The  plasma  densities  shown  in  Figure  2.3  are  generally  of  the  same  order  as  experimental 
measurements  of  plasma  density  [Myers  and  Manzella  1993].  As  one  would  expect.  Figure  2.3 
underpredicts  the  plasma  density  along  the  centerline  and  therefore  gives  only  a  rough 
approximation  of  conditions  in  the  plume.  No  direct  experimental  measurements  have  been  made 
of  the  neutral  density  in  the  plume  region.  A  retarding  pressure  sensor  has  been  used  to  measure 
the  neutral  flux  0.5  m  from  the  anode  exit.  The  measured  flux  varied  from  1  x  1020  to 


58 


1  X  1022  m-2  sec-1  iKing  19961,  assuming  lhal  fte  neutrals  are  moving  at  a  thermal  velocuy  of 
Iso  m/s  gives  number  densiues  ranging  from  3  x  lOH  to  3  x  1019  „.3.  ^s  value  h  htgher  Otan 
the  densities  shown  in  Figure  2.3,  and  the  reason  tor  the  disagreement  ts  unc^.  One  posset  y 
is  that  the  neutrals  in  the  plume  are  aemally  fast  neutrals  produced  by  CEX.  nieexpemnental 
technique  used  u,  measure  the  neunal  flux  is  not  well  established,  so  furdter  work  ts  needed  to 
clarify  these  measurements  and  accurately  determine  the  neutral  density  m  the  plume  region. 

.  A  variety  of  fundamental  parameters  can  be  calculated  from  the  information  shown  m  Figure 

2  3  Table  2  2  gives  a  list  of  fundamental  parameters  calculated  based  on  Figure  2.3.  For 
simpUcity,  the  flow  from  the  cathode  is  not  included  in  these  calculations.  Table  2.2  gives  a  rough 
approximauon  of  conditions  in  the  plume.  These  parameters  and  the  methods  used  to  calculate 

them  are  discussed  in  sections  2.2.1  to  2.2.3  below. 


ni,ne 

B 

Xd 

P  electron 
pbeam  ion 
pcex  ion 
^en 

Xee 

Xe. 

X,o 

Xii 

XcEX 

Xnn 


Radial  Position 

0.2  m 

0.5  m 

1.0  m 

2.69  X  lO'^  m'^ 

4,31  X  lO'''  m'^ 

1.08  X  lO’^'m’^ 

6.88x  lO’^m'^ 

1.10  X  10^5  m*^ 

2.75  X  lO’V’^ 

~1  G 

~0.1  G 

-0.01  G 

0.02  cm 

0.05  cm 

0.10  cm 

5.4  cm 

54  cm 

540  cm 

232  m 

2320  m 

>20000  m 

4.8  m 

48  m 

480  m 

908  m 

5680  m 

22700  m 

26  m 

160  m 

660  m 

35  m 

220  m 

880  m 

2980  m 

18700  m 

>  70000  m 

109  m 

685  m 

2740  m 

242  m 

1510  m 

6060  m 

395  m 

2470  m 

9890  m 

Table 


2.2:  Estimates  of  Fundamental  Parameters  in  the  Plume  Region 


2.2.1  Debye  Length  .  .  rv  u 

The  characteristic  length  over  which  charges  are  neutralized  in  a  plasma  is  given  by  the  Debye 

length 
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Table  2  2  shows  the  Debye  length  at  various  distances  from  the  thruster  based  on  an  electron 
temperature  of  2  eV.  Throughout  the  plume  the  Debye  length  is  small  with  respect  to  features  of 
interest.  Even  at  distances  up  to  4  m  from  the  thruster  exit,  the  Debye  length  is  only  half  a 
centimeter,  which  is  very  small  compared  to  a  meter-scale  spacecraft  Since  there  is  no 
experimental  evidence  for  double  layers  or  other  free  standing  sheaths,  the  plume  can  be 
considered  quasi-neutral  everywhere  except  in  a  thin  region  near  solid  surfaces.  Because  the 
Debye  length  is  so  small,  it  is  impractical  to  model  the  plume  using  conventional  PIC  methods. 
However,  since  the  Debye  length  is  small  everywhere  in  the  plume,  quasi-neutrahty  can  be  used  to 
simplify  our  PIC  model  and  avoid  conventional  length  scale  limitations.  This  point  will  be 

discussed  further  in  Chapter  3. 

2.2.2  Magnetic  Parameters 

A  radial  magnetic  field  is  used  to  capture  electrons  in  the  acceleration  channel  and  encourage 
impact  ionization  of  the  propeUant.  The  extent  to  which  this  magnetic  field  “leaks”  into  the  plume 
region  has  been  measured  experimentally,  and  is  shown  in  Figure  2.5.  Superimposed  on  the  data 
in  Figure  2.5  is  a  dipole  fit  to  the  magnetic  field  data  corresponding  to  a  l/r^  power  law.  The  dip 
,n  the  data  is  caused  by  a  reversal  in  the  sign  of  B  which  can  not  be  directly  shown  on  a  log  plot. 

A  l/r3  fit  corresponds  to  +/-  20%  of  the  data  and  shows  that  the  B  field  falls  very  rapidly  m  the 
plume  region.  It  should  be  noted  that  the  geomagnetic  field  in  GEO  is  of  order  0.003  G,  so  the 
field  from  the  thruster  own  field  dominates  throughout  most  of  the  plume  region.  This  section 
describes  methods  used  to  calculate  parameters  relating  to  the  magnetic  field  and  its  influence  on 

the  plasma. 

Magnetir  Pressure  Ratio 

The  importance  of  the  magnetic  field  in  a  plasma  is  measured  by  two  critical  parameters.  The 
first  is  the  ratio  of  the  kinetic  energy  in  the  plasma  to  the  magnetic  energy  in  the  plasma,  which  is 

given  by 


The  numerator  is  summed  over  the  all  of  the  charged  species  in  the  plasma;  the  neutrals  have  no 
effect  on  the  strength  of  the  magnetic  field.  A  plasma  cloud  is  diamagnetic  and  tends  to  neutrahze 
magnetic  fields.  When  beta  is  large,  the  plasma  pressure  dominates  over  the  magnetic  pressure  and 
the  plasma  effectively  shields  out  external  magnetic  fields  with  its  own  self  generated  fields.  When 
beta  is  small,  external  fields  are  unmodified  by  the  presence  of  the  plasma.  At  the  anode  outlet, 

beta  is  approximately  given  by 
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(2.2xlO'^m-^)(l.38xlO-^^J/K)(2  eV)(11600  K/ev) 

(0.013  7)72(1.26x10"*  H/m) 

The  resulting  value  is  small  as  one  would  expect,  or  the  thruster  wouldn’t  operate.  As  one  moves 
away  from  the  thruster,  the  magnetic  field  falls  as  l/r^  while  the  density  falls  as  l/A  As  a  result, 
the  local  value  of  pp  rapidly  increases,  reaching  unity  at  a  distance  of  about  0.2  meters  from  the 
channel  exit.  As  shaU  be  shown  in  the  next  section,  however,  by  the  time  Pp  reaches  unity,  the 
local  magnetic  field  has  become  very  weak  and  has  only  a  marginal  influence  on  the  plume. 


Electron  Gvro  Radius 

The  second  parameter  which  measures  the  importance  of  the  magnetic  field  in  a  plasma  is  the 
gyro  radius,  which  is  given  by 

O-:,.  =  m.,.v,  / eB 


is  the  component  of  the  particle’s  velocity  perpendicular  to  the  magnetic  field  and  varies  with 
the  orientation  of  the  local  magnetic  field.  Because  ions  and  electrons  have  different  masses  and 
temperatures,  the  electron  and  ion  gyro  radii  are  considered  separately  in  this  analysis. 
Experimental  measurements  indicate  that  the  electron  temperature  is  nearly  constant  throughout  the 
plume  region  (see  Figure  2.4).  Electrons  in  the  plume  can  therefore  be  treated  as  an  isothermal 
"as.  We  further  assume  that  the  electrons  are  Maxwellian,  so  their  mean  velocity  is  given  by 


Maxwellian  electrons  with  a  temperature  of  2  eV  have  a  mean  speed  is  9.52  x  10^  m/s.  The  gyro 
radius  has  been  calculated  using  this  value  for  and  is  shown  in  Table  2.2.  Although  the 
electron  gyro  radius  is  small  inside  the  discharge  chamber,  it  becomes  quite  large  20  cm  from  the 
thruster  and  much  larger  than  features  of  interest  when  1  m  away  from  the  thruster.  In  fact,  the 
electrons  are  effectively  unmagnetized  at  distances  >  25  cm  from  the  channel  exit,  which  suggests 
that  it  may  be  possible  to  ignore  the  magnetic  field  in  some  regions  of  the  plume.  It  should  also  be 
noted  that  some  experimental  work  suggests  that  the  structure  of  the  plume  is  not  influenced  by 
small  changes  in  the  magnetic  field  [Manzella  et  al.  1995].  Based  on  the  theoretical  calculations 
and  these  experimental  observations,  we  choose  to  treat  the  electrons  as  unmagnetized  throughout 
the  plume  region.  This  assumption  is  clearly  valid  when  more  than  25  cm  from  the  thruster,  but 
may  not  be  valid  in  the  near  field  regions  near  the  channel  exit.  The  implications  and  limitations  of 
this  assumption  are  discussed  further  in  Chapter  3. 
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RPA  measurements  of  ions  in  the  plumes  of  Hall  Thrusters  have  shown  that  they  are  highly 
non-Maxwellian  [Absalamov  1992].  However,  previous  work  with  ion  thrusters  suggests  that  the 
ions  in  the  plume  can  be  divided  roughly  into  two  groups:  beam  ions,  which  move  at  velocities  of 
around  17000  m/s,  and  CEX  ions  which  move  at  thermal  speeds.  Because  these  ions  travel  at 
different  speeds,  they  are  characterized  by  two  different  gyro  radii.  The  beam  ion  gyro  radius 
(given  as  pbeam  ion)  has  been  calculated  based  on  a  beam  ion  velocity  of  17000  m/s.  The  results, 
shown  in  Table  2.2,  indicate  that  the  trajectories  of  these  ions  are  clearly  unaffected  by  the  presence 
of  the  magnetic  field.  This  result  is  to  be  expected  since  the  magnetic  field  is  designed  to  trap 
electrons  in  the  acceleration  channel  without  trapping  the  ions  created  in  the  channel  itself.  CEX 
ions  were  treated  as  a  Maxwellian  gas  with  a  temperature  of  0.1  eV,  which  is  equal  to  the  expected 
neutral  temperature  This  value  is  probably  low  since  the  CEX  ions  are  typically  accelerated  to  an 
energy  of  several  volts  after  they  are  created,  so  the  calculated  ion  gyro  radius  is  conservative  and 
probably  smaller  than  the  real  CEX  ion  gyro  radius.  The  CEX  ion  gyro  radius  is  also  shown  in 
Table  2.2,  and  the  results  again  show  that  the  CEX  gyro  radius  is  much  larger  than  features  of 
interest  in  the  plume.  It  is  therefore  safe  to  conclude  that  ions  in  the  plume  are  basically 
unmagnetized  throughout  the  plume  region. 


2.2.3  Mean  Free  Paths 

The  importance  of  collisions  is  measured  by  the  mean  free  path,  which  is  given  by  the  well 
known  relationship 

A=l/(«<r) 

In  an  SPT  plume,  there  are  three  distinct  species  of  particle:  ions,  neutrals,  and  electrons.  Each 
species  undergoes  a  variety  of  interactions  with  itself  and  other  species,  each  of  which  is 
characterized  by  a  collision  cross  section  and  a  mean  free  path.  The  possible  interactions  include 
elastic  collisions,  CEX  coUisions,  ionization,  excitation,  recombination,  and  many  others 
[Mitchner  et  al.  pg.  15].  This  section  describes  the  methods  used  to  calculate  collision  cross 
sections  and  mean  free  paths  of  several  significant  processes  which  play  a  role  in  the  development 
of  the  plume  from  a  Hall  Thruster. 


Electron  Mean  Free  Pa  the 


The  total  electron-Xenon  neutral  collision  cross  section  has  been  determined  experimentally 
and  IS  shown  in  Figure  2.6  [Chapman  pg.  45].  For  electrons  with  an  average  velocity  of  2  eV,  the 
total  cross  section  is  approximately  1.6  x  lO  ’^  m^  The  resulting  electron-neutral  mean  free  path 
has  been  calculated  based  on  the  plume  model  presented  in  Section  2.2  and  is  given  in  Table  2.2. 
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TT^ese  values  are  large  with  respect  to  the  the  plume  region. 

differential  scattering  cross  section  is  given  by 


w  ^  M 
sin\xl'^) 


(2-2-3) 


r:“r“’rLr^-==^^ 

„Wchhfl.iscaseis.heelecuos.aucpo«nual 


0(r)  =  ±— 
r 


A  _ 


(2.2-4) 


W.crc  r  .s  disunce  be.we=n  d.e  panicle.  G.ven  (2.2-4).  ihe  impaci  parameter  for  90  degree 
scattering  is  given  by 


b=' 


^8 


imegraung  (2.2-3)  liter,  gives  the  momentum  transfer  cross  section 

I-  .  n  “iK 


(T'>)(c,)  =  4;rb;lh 


l4^ 


(2.2-5) 


integrahng  (2.2-5)  over  energy  gives  Ute  mean  cross  section.  Banlcs  gives  the  resnlt  of  tntegrattng 
(2.2-5)  for  two  species  at  different  temperamres. 


n-—\ - - 


2 


In  A 


m, 


m, 


For  ions  and  electrons  with  Vm.  »  TM  this  retees  to  (in  cgs  units) 

_  £_(Zie^)  1^  p.2-6) 

‘"'■■2  (kT.f 

,n  Ais  the  Spitaerloganthm  which  is  a  tahnlated  onanUty  thatvaries  “ 

masonahle  value  for  the  range  of  densities  and  temperamres  m 

IMrchner  «  al  pg.  59).  The  electron  mmpermure  tn  the  plume  ts  2  eV,  so  the  cross 
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out  to  1.06  X  10-^7  ni2  Table  2.2  gives  the  resulting  electron-ion  mean  free  path.  Again,  these 
values  are  extremely  large  when  compared  to  features  of  interest,  so  electron-ion  interactions  do 
not  need  to  be  considered  in  the  plume  region. 

The  mean  momentum  transfer  Coulomb  collision  cross  section  for  singly  ionized  species  is 
given  by  Mitchner  et  al.  [pg.  58] 

=  6;rbi(ln  A)  =  (5.85x  lO'^^  jlnA  /  T.'  ra'  ^2  2-7) 

This  expression  is  a  modified  form  of  equation  (2.2-6)  and  can  be  used  to  calculate  the  electron- 
electron  mean  free  path.  For  an  electron  temperature  of  2  eV,  the  collision  cross  section  works  out 
to  a  =  1.413  X  10'  m  .  The  resulting  electron-electron  mean  free  paths  are  listed  in  Table  2.2. 
These  values  are  also  much  larger  than  features  of  interest  in  the  plume. 

In  summary,  the  electron-neutral,  electron-ion,  and  electron-electron  mean  free  paths  are  all 
long  with  respect  to  features  of  interest  in  the  plume  region.  Therefore,  in  the  absence  of  a 
magnetic  field,  electrons  are  effectively  collisionless  in  the  plume  region. 


Ion  Mean  Free  Paths 

The  Xe-Xe+  cross  section  for  elastic  collisions  has  not  been  measured  experimentally,  but 
can  be  estimated  from  theory.  Samanta  Roy  [1995]  used  the  following  approximation  from  Banks 
[1966]  (in  cgs  units) 


c^in(Cr)  =  2.21;r 


^  y/e^ 


(2.2-8) 


Where  Cr  is  the  approach  velocity,  \|/  is  the  polarizability  of  the  neutral  atom,  and  mi2  is  the  reduced 
mass  of  the  two  particles.  The  polarizability  of  Xenon  \\f  is  4.044  x  10-24  cm3.  The  beam  ions  are 
travehng  at  17000  m/s.  Since  the  neutrals  are  generally  moving  at  velocities  less  than  500  m/s,  the 
ion-neutral  approach  velocity  is  essentially  equal  to  the  beam  ion  velocity  and  the  ion-neutral 
collision  cross  section  works  out  to  4.87  x  10*20  in2.  Once  the  collision  cross  section  is  known, 
equation  (2.2-8)  can  be  used  to  calculate  the  ion-neutral  mean  free  path.  The  results  are  shown  in 
Table  2.2.  As  before,  the  ion-neutral  mean  free  path  is  large  with  respect  to  features  of  interest.  It 
should  be  noted  that  collisions  between  ions  and  neutrals  can  also  result  in  the  creation  of  new  ions 
through  impact  ionization.  The  cross  section  for  impact  ionization  is  also  of  order  1  x  10-20  m2,  so 

the  mean  free  path  of  this  process  will  also  be  long  with  respect  to  features  of  interest  [Chapman, 
pg.  42]. 

Like  electron-electron  coUisions,  ion-ion  interactions  are  governed  by  Coulombic  forces. 

The  ion-ion  collision  cross  section  is  therefore  given  by  the  same  expression  used  to  electron- 
electrons  collisions,  equation  (2.2-8).  The  ion  temperature  is  subject  to  some  uncertainty.  The 
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,o„  .n.pera»e  measured  .y  Ma„.Ua 

were  calculated  on  Ore  basrs  of  dris  lemperarurc^  i„  ,he  plume  mgion. 

respect  to  features  of  interest.  Ion-ton  coUisions  c  Hie  cross  secuon  for  CEX 

r:r:=rr:rr.:^==^^^ 

''^‘ifS^^^colUsion  cross  section  has  been  measured  experunentally.  The  Ha.^boo, 

„,C«o:Phys,csl.dcpg.«dO,sive^ 

Z  c  a  al  X  10-8  cm  which  corresponds  to  a  collision  cross  secuon  of  3.674  x  lu  m 

"fl  been  us^’to  calcula.  the  neutral-neuual  mean  free  padts  (designate.^  as  W  m 

T  hie  2  2  The  resulting  mean  free  paths  are  large  with  respect  to  the  plume,  mdicaung  that  the 
Table  .2.  ^  J  ^  the  thruster.  It  is  worth  noung  that 

n  oft  s-e  order  as  XcEX.  but  since  Xe-Xe  coUisions  serve  mainly  to  the^alize  the 
ttfew  colUsions  that  do  occur  h,  the  plume  have  Utde  effect  on  the  fmal  dtsuthutton. 

a“  ™e  model  has  been  us^  to  calculate  approximate  valu«  for  various  f— tal 
plasma  parameter  in  the  plume  of  an  SPT-lOO  dttuster.  The  msulu  are  based  on  labomtoty 
meas  Jments  of  the  magnetic  field  in  die  plume,  a  simple  l/r^  plume  expansion  model,  and 
series  of  different  models  and  measurements  of  collisions  cross  sections  for  tons,  electrons,^ 

1  •  thp  nlume  region  The  plume  was  assumed  to  be  composed  of  Xenon  ions,  Xeno 

:ttranTettnrrwrshotn  to  be  ciuasi-neuual 

ttmtory  measurements,  the  electrons  were  assumed  to  be  isothennal.  The  results  of  diese 

calculations  are  summarized  in  Table  2.2.  Based  on  die 

foUowing  statements  can  be  made  about  the  plume  from  a  typical  HaU  Thrus  . 
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.  nie  Debye  length,  is  small,  so  the  plume  is  quasi-neutral  except  in  a  small  region  near  sohd 
surfaces. 

•  The  ions  are  unmagnetized  throughout  the  plume. 

•  The  electrons  are  unmagnetized  when  z  >  25  cm. 

•  The  electrons  are  collisionless. 

•  The  neutrals  are  collisionless. 

•  CEX  is  the  dominant  ion  collision  process. 

The  picture  which  emerges  is  that  of  an  unmagnetized,  quasi-neutral  plasma  in  which  CEX 
colUsions  play  a  significant  role  but  in  which  the  electrons  are  collisionless.  These  observauons 
form  the  basis  for  a  computational  model  of  the  plume  based  on  the  PIC  and  DSMC  methods. 
This  model,  and  its  underlying  assumptions  and  limitations  are  discussed  in  detail  in  Chapter  3. 
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1  cm 


Cathode 


Drawing  is  only  approximately  to  scale. 

Contours  indicate  density  in  units  of  10  m 

Figure  2.3:  Estimates  of  Neutral  and  Ion  Densities  around  a  Hall  Thruster 


4 


s 

o 

u 


3.5  H 


3 

2.5 


2 


T 

A 


i 


1.5 


-I- - 1 - 1 - —I 

-50  0  50  100 

Angle  Off  of  Centerline,  Degrees 


Figure  2.4:  Experimental  Measurements  of  the  Electron  Temperature 

Electron  Temperature  at  2  m  and  4  m  distance  [Myers  and  Manzella,  1993 J 

2m  =  Circles  and  Triangles 
4m  =  Squares  and  Diamonds 
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Chapter  3:  Computational  Plume  Model  and  Methods 
(Axisymmetric) 


In  Chapter  2,  it  was  shown  that  the  plume  from  a  Hall  Thruster  is  an  unmagnetized,  quasi¬ 
neutral  plasma  in  which  CEX  collisions  are  known  to  play  a  significant  role.  This  plume  is 
relatively  difficult  to  simulate  because  the  ion  density  is  high  compared  to  that  in  an  ion  thruster. 

As  a  result,  conventional  PIC  based  methods  become  too  computationally  intensive  to  apply  to 
these  devices.  In  addition,  because  the  ions  are  highly  non-Maxwelban,  conventional 
hydrodynamic  models  also  do  not  apply  in  the  plume  region.  Finally,  because  the  neutral  and  ion 
densities  are  of  the  same  order,  conventional  PIC-MCC  methods  may  not  apply  in  the  plume.  We 
use  a  new  computational  algorithm  to  model  the  plume  from  a  Hall  Thruster.  This  method  is  a 
combination  of  the  well  known  PIC  and  DSMC  methods  and  uses  quasi-neutrality  to  avoid  the 
length  and  time  scale  limitations  imposed  on  conventional  PIC  models.  Combining  these  two  well 
known  methods  allows  one  to  track  the  trajectories  of  ions  and  neutrals  undergoing  collisions  in  a 
relatively  dense  plasma  plume.  Chapter  3  describes  the  basic  algorithm  and  gives  the  details  of  its 
implementation  in  an  axisymmetric  geometry.  A  three  dimensional  PIC-DSMC  model  has  also 
been  developed  and  is  discussed  in  Chapter  5. 

3.1  Introduction 

A  Hall  Thruster  plume  is  a  rarefied  gas  in  which  both  Coulomb  forces  and  collisional  effects 
have  a  significant  impact  on  the  development  of  the  flow.  As  was  discussed  in  Chapter  1,  the 
Particle  in  Cell  (PIC)  method  can  be  used  to  model  long  range  Coulomb  forces,  but  not  collisional 
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effects.  The  Direct  Simulation  Monte  Carlo  (DSMC)  method  can  be  used  to  model  collisions  in 
rarefied  neutral  flows,  but  can  not  be  used  to  model  the  charged  particles  present  m  a  plasma. 

These  two  weU  known  particle  simulation  methods  have  been  combined  to  create  a  hybrid  PIC- 
DSMC  simulation.  The  hybrid  simulation  has  a  capability  to  model  moderately  collisional  non- 
Maxwellian  plasmas  interacting  with  neutral  gases.  A  diagram  of  the  combmed  PIC-DSMC 
method  is  shown  in  Figure  3.1.  The  basic  method  is  very  similar  to  the  PIC  method  shown  in 
Figure  1.7.  Two  important  differences  are  present.  First,  the  potential  is  determined  using  the 
electron  momentum  equation  rather  than  by  solving  Poisson’s  equation.  Second,  a  collision 
routine  is  included  which  uses  DSMC  methods  to  modify  the  trajectories  of  particles  in  the  plasma. 
Chapter  3  gives  a  detailed  description  of  the  combined  PIC-DSMC  algorithm  and  its 
implementation  in  an  axisymmetric  geometry.  The  chapter  describes  the  underlying  theory  and 
limitations  of  the  algorithm  and  the  practical  issues  involved  in  implementing  it  on  a  workstation 
class  machine.  The  chapter  is  divided  into  several  sections.  Sections  3.2  and  3.3  give  general 
background  and  describe  the  domain  and  boundary  conditions  used  in  the  simulations.  Secuons 
3.4  and  3.5  describe  our  specific  implementation  of  the  PIC  and  DSMC  portions  of  plume  model. 
Section  3.6  describes  the  surface  interaction  model,  and  section  3.7  discusses  computational  issues 
related  to  memory  management  on  modem  (1996)  computer  workstations. 

3.2  Background  and  Fundamental  Assumptions 

3.2.1  Normalization  of  Variables 

When  conventional  SI  units  are  used  for  numerical  analysis,  large  roundoff  errors  can  occur 
when  very  large  numbers  (2.5  x  10^7  m-3)  and  very  small  numbers  (1.6  x  10-19  Coulombs)  are 
included  in  a  single  calculation.  This  occurs  because  machine  accuracy  is  larger  than  the  smallest 
numbers  that  can  be  represented  using  the  IEEE  standard  floating  point  numbers  (as  discussed  in 
Press  et  al  [1992,  pp.  28-31]).  To  avoid  roundoff  errors,  we  use  normalized  (unit-less)  variables 
for  most  calculations.  Input  and  output  files  may  also  use  normalized  variables,  as  described  in  the 
User’s  Manual  (Appendix  A).  All  of  the  normalizations  in  the  simulation  are  based  on  four  basic 
quantities.  These  quantities  are  defined  in  the  program  and  can  be  modified,  though  most  users 
will  want  to  treat  them  as  constants.  The  four  basic  quantities  and  their  default  values  are 

•  Charge:  1.6  x  lO'^^  C  (elementary  charge) 

•  Density:  1.0  x  10^2  ni-3  (arbitrary  choice) 

•  Mass:  2.181063  x  10-25  kg  (weight  of  a  Xe  atom) 

•  Temperature:  2  eV  (same  as  plume  electron  temperature) 

Based  on  these  assumed  quantities,  a  variety  of  different  normalizations  have  been  derived.  These 
quantities  are  defined  in  the  following  list.  Their  default  values  are  also  shown  (as  derived  from 
default  values  for  the  reference  quantities). 
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Value:  734,840.5 


Value:  0.010513  m 


Value:  115313.21  sec’^ 

Value:  2  Volts 

•  Velocity:  Thermal  Temperature 

-Definition:  =  I— ^  -Value:  1212.303955  m/s 

V  "'ref 

3.2.2  Quasi-Neutrality 

In  Chapter  2,  it  was  shown  that  the  Debye  length  in  the  plume  of  a  Hall  Thruster  is  very 
small  throughout  the  plume  region.  As  a  result,  the  plume  can  be  regarded  as  everywhere  quasi¬ 
neutral  except  in  a  small  sheath  region  near  solid  surfaces.  The  a  priori  assumption  of  quasi- 
neutfal  has  been  used  to  greatly  improve  the  performance  of  the  PIC-DSMC  simulation  over 
conventional  PIC  models.  This  section  discusses  the  computational  benefits  and  physical 
limitations  of  the  assumption  and  describes  how  the  potential  can  be  calculate  in  a  PIC  simulation 
without  solving  Poisson’s  equation. 

In  conventional  PIC  simulations  (as  outlined  in  Figure  1.7),  the  charge  carried  by  the 
macroparticles  is  weighted  to  a  computational  grid  to  determine  the  charge  density  as  a  function  of 
position  in  the  plasma.  The  potential  is  then  calculated  by  using  an  iterative  scheme  to  solve 
Poisson’s  equation 

=  ,3.2-1) 

Typical  solution  schemes  include  ADI  and  multigrid  iteration  schemes.  The  size  of  the 
computational  grid  is  limited  by  the  need  to  capture  the  physics  of  particle  interaction  in  the  plasma. 
The  Debye  length  is  a  critical  quantity  because  it  represents  the  length  scale  over  which  the  plasma 
will  shield  out  charge  perturbations.  In  general,  the  cell  spacing  must  be  no  more  than  twice  the 
Debye  length  to  properly  capture  the  close  range  particle  interactions.  Though  some  researchers 


Charge/Mass  Ratio: 

-Definition:  ^^*1/ 


m 


ref 


■  Length:  Debye  Length 

-Definition:  X.  = . 


"refC^ 


Time:  Inverse  of  Ion  Plasma  Frequency 


-Definition:  = . 


"refC 

'^{£o 


•  Potential:  Reference  Temperature  in  eV 
-Definition:  Tref 
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have  us^  grid  ceUs  ct  larger  sires  Roy  1995,.  Ure  Debye  lengdr  is  siil,  considered  a 

fandamenud  upper  bound  on  Ore  sire  of  grid  ceUs  ^  „„  Debye 

length  scales  are  nonKjuasi-neutral  be  time-averaged,  and 

plumes.  Sheaths  Assuming  U«t  dte  plume  is  qu^i-neutral 

double  layers  - “„ns  on  cell  spacing  and  solve  for  Ure  potenual  widtout 
ahows  one  to  avotd  Debye  «  uf  fewer  cells  which  leads  to, 

solving  Poisson  s  equatio  .  Q  .  ,  toapnf  the  auasi-neutral  approach  is  that  it  is 

smaller  and  faster  simulations.  The  mam  ^  JLe  order  as  the 

invalid  near  sob^  3°“  „^e  regions  behind  solar  arrays  and  odter  bodies, 

.euseofspeci.b-daDC— 

"ral  int  domarn.  ^s  approach  has  therefore  been  used  to  simpUfy  and  speed  up  dte 

“:l:— tytstmposedonaplasm. 

calculate  the  potenual  distribution.  This  is  Luing  in  an  incorrect 

zeroth  order),  so  the  nght  ^  ^  ^  hybrid  PIC  formulation,  so  the 

solution  inahybridformulation, 

potential  can  be  calcula  y  ^  formulation  is  used  to  represent 

particles  are  used  to  represent  lo  ,  .  .  avoid  some  of  the  time  and  length 

:,ecuons.  The  advantage  of  dte  hybrid  approach  ts  that  ^ 

scale  Umttations  imposed  by  elecuons  on  33“'  ;,b  assumes  dtat  fte 

r:=;— ^ 

nrodon  of  ions  than  of  dte  elecuons,  so  we  use  a  hybnd  approach.  The  general  elec.ro 

momentum  equation  is  given  by  rr  5  .  ^  n  vlu  -u  1  (3.2-2) 

m.n.(u,.V)u.  =  n.e(E-uu.xB)-V.P  +  m.n.v(u.  u.) 

set  equal  to  the  ron  de  y_  obtain 

rH£"==— ^ 
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Navier-Stokes  equations.  In  the  case  of  a  Hall  Thruster,  however,  a  series  of  simplifying 
assumptions  can  be  made.  The  five  terms  in  equation  (3.2-2)  represent,  from  left  to  right,  the 
inertial,  electrical,  magnetic,  pressure,  and  coUisional  contributions  to  the  electron  momentum 
equation.  Non-dimensionalizing  equation  (3.2-2)  results  in  the  following  representations  for  each 
term. 


1  = 


m.u/  m,Ue  pUe  Ue 


(3.2-3) 


In  Chapter  2  it  was  shown  that  the  magnetic  field  can  be  ignored  at  distances  greater  than  25  cm 
from  the  thruster  exit.  We  choose  to  ignore  the  magnetic  field  throughout  the  plume  and  disregard 
the  magnetic  term  in  equation  (3.2-2),  thus  ignoring  any  Hall  currents  present  in  the  plume  region. 
The  remaining  quantities  represent  the  relative  contribution  of  each  term  to  the  momentum 
equation.  The  inertial  term  is  of  order  one  and  its  magnitude  relative  to  the  other  terms  depends  on 
the  electron  drift  velocity.  The  operating  potential  of  the  thruster  is  300  V,  but  the  voltage  drop 
seen  in  the  plume  is  expected  to  be  much  less.  We  approximate  it  as  100  V.  The  electrical  term  is 


then  given  by 

eEL  _  eV  ^  1.777x10'^ 
m,u/  m,u,^  u^ 

For  the  pressure  term,  we  assume  a  Maxwellian  plasma  in  which  the  pressure  tensor  can  be 

reduced  to  a  scalar  and  treated  using  the  expression 

P  =  n,kT, 


The  electron  temperature  in  the  plume  is  approximately  constant  in  the  plume  and  is  about  2  eV  (see 

Figure  2.4).  The  pressure  term  then  reduces  to 

P  ^  kT,  ^3.56x10'* 
pu/  m,u/  u,^ 

The  collision  term  depends  largely  on  the  collision  frequency.  The  mean  free  paths  shown  in  Table 
2.2  show  that  electron-ion  Coulomb  collisions  dominate  over  electron-neutral  collisions.  The 
momentum  transfer  cross  section  was  calculated  in  Section  2.2.3  as  1.41  x  10-^^  m^.  This  cross 
section  is  based  on  the  electron  temperature  and  is  valid  as  long  as  the  electron  drift  velocity  is  less 
than  the  electron  thermal  velocity.  The  electron  thermal  velocity  was  calculated  in  section  2.2.2  as 
9.52  X  10^  m/s.  The  electron-ion  collision  frequency  is  given  by  the  expression 

v  =  nj(Tc, 

Where  ni  is  the  ion  number  density.  For  Cr  we  again  use  the  electron  thermal  velocity,  which 

results  in  the  following  expression  for  the  colhsion  term 

vL  1.34x10^ 
u.  u. 
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otinn  ('\  i.Vi  ic  calculated  as  a  function  of  velocity  and  plotted  in 
is  U.e  magntode  as  .he  elechon 

7m  Figure3.2showsU.a.d.epressureaadekchioal.enasdom.na.eUveelechon 

momeatam  equauoa  a.  low  drift  velociues,  .hough  te  collision  term  becomes  uupor.^.  as  .he 
elecuon  drift  velociu,  approaches  sonic  speeds.  The  elecuous  in  d.e  plume  are  not  behev^  to 
navel  a.  supersonic  velociues,  so  d.e  dominant  mmts  in  te  plume  of  a  Hah  tasmr  t^Jhe  merual 
and  pressure  mrms.  Equation  (3.2-2)  can  Umrefore  be  simpUfied  mm  dte  toUowmg 

n,qE-Vp  =  0 

which,  for  an  isothermal  Maxwellian  disuibutton,  can  bewrinen  as 

n,  =n„exp|-e0/kTJ 

Equauon  (3  2-4)  is  dte  Botamann  mlaUonship  and  is  identical  m  dm  “Baromeuic  Law”  given  in 
"  (1.1-2).  This  exptesston  is  dte  one  used  in  our  computational  model.  1.  u  an  enttrely 

local  formulation  and  requires  no  finite-difference  approxunanon. 

nre  Barometric  law  has  been  shown  experimentally  to  apply  m  ion  duusmr  plumes,  so 
natural  dtat  it  would  also  apply  to  Hall  Thrusmr  plumes.  The  elecuon 
determined  from  dte  distribudon  of  charges  particles  in  dte  simuladon.  Once  dte  "““'f 
has  been  demrmined.  me  potential  can  be  demmtined  simply  by  inverung  “I-™" 
on  experimenml  measurement  of  the  elecuon  mmperature,  a  consmn.  mmpmramre  of  2  eV  ts  used 
in  our  plume  simulations.  Becau^  (3.2-4)  contains  no  differenual  terms,  the  potenn^  can  be 
determled  locally  wtdtou.  use  of  an  iterative  solving  scheme.  This  makes  dm  fomtulauon 
extremely  efficient  and  easy  to  implement  The  quasi-neuual  PIC  formuladon  has  several  major 
compuutuonal  advantages  over  conventional  PIC  methods.  First,  becaure 
neuual,  dte  grid  cell  sizes  are  no  longer  Umited  to  Debye  length  scales.  Instead,  the  gnd  can 
sized  geomeuically  so  as  to  resolve  dte  gradient  and  odter  features  of  interest  m  dte  ptame. 

Second  the  potendal  can  be  obtained  by  inverting  the  elecuon  momentum  equauon  which  m .  s 
case  reduces  to  the  Boltzmann  relationship.  The  Boltzmann  relauonship  t  a  scalar  funcuon  w  ic 
can  inverted  widiout  the  use  of  iterative  solvers.  This  makes  dte  scheme  vety  computationally 
efficient  and  easy  to  implement  and  debug.  The  main  disadvantages  assocated  wtd.  me  quast- 
neuual  scheme  are  mat  it  does  not  apply  in  highly  rarefied  regions,  mat  analyue  sheam  models 
must  be  developed  and  applied  as  boundary  conditions  m  me  simulation,  and  mat  one  can  no.  use 
me  scheme  «>  uack  me  electrons  in  me  plume  region.  In  addition,  aimough  me  rnemod  t 

nominally  time  accurate,  me  particle  uackingmernod  places  numencalhmtt  on  me  taghesl  _ 

frequencies  which  can  be  accumtely  simulated  using  a  given  time  step  and  gnd  lengm  scale.  These 
limits  are  discussed  in  Section  3.4. 1  below. 
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3.3  Domain  and  Boundary  Conditions 

3.3.1  Computational  Grid 


The  PIC  and  DSMC  methods  both  use  grids  to  discretize  the  computational  domain.  Our 
PIC-DSMC  plume  model  is  based  on  a  single  embedded  grid.  An  embedded  grid*  is  a  type  of 
unstructured  grid  that  uses  embedded  Cartesian  meshes  to  resolve  important  areas  of  the  domain. 
An  example  of  an  embedded  grid  is  shown  in  Figure  3.3.  Embedded  meshes  are  a  compromise 
between  the  simplicity  of  Cartesian  grids  and  the  flexibility  of  fully  unstructured  grids.  A 
Cartesian  grid  is  computationally  fast  and  very  simple  to  implement,  but  can  not  be  used  to  model 
realistic  geometries  or  to  resolve  large  variations  in  length  scale.  This  is  problematic  because  the 
fundamental  length  scale  of  the  plasma,  the  Debye  length,  varies  as  the  inverse  square  root  of  the 
density.  A  Cartesian  grid  fine  enough  to  resolve  the  areas  of  high  density  provides  too  much 
resolution  in  areas  of  low  density.  This  results  in  too  few  particles  per  cell  and  destroys  the 
accuracy  of  the  simulation.  Sammta  Roy  [1995]  used  a  Cartesian  grid  with  variable  grid  spacing 
to  study  the  plume  of  an  ion  thruster  interacting  with  the  surfaces  of  a  spacecraft.  His  technique  is 
useful  for  very  simple  geomeuies,  but  can  not  easily  be  extended  to  general  spacecraft  geometries. 

A  fully  unstructured  grid  discretizes  the  computational  domain  into  triangles  (2-D)  or 
hexahedral  elements  (3-D)  which  can  be  fitted  to  complex  surfaces.  This  approach  is  commonly 
used  in  computational  fluid  dynamics  and  in  DSMC  simulations.  The  main  disadvantage  of  this 
approach  is  the  complexity  of  the  grid  itself.  To  date,  only  one  effort  has  made  use  of  unstructured 
grids  with  the  PIC  method.  Peng  [1991]  used  a  fully  unstructured  mesh  to  simulate  sputtering  off 
of  the  acceleration  grids  of  ion  engines.  No  effon  was  made  to  extend  this  work  into  the  plume 
region.  There  is  also  some  computational  overhead  associated  with  the  use  of  unstructured  grids 
with  particle  simulations.  Weighting  a  particle  to  a  grid  requires  that  one  know  which  grid  cell 
contains  the  particle  (its  cell  coordinates).  On  a  Cartesian  grid  with  uniform  spacing,  a  particle’s 
cell  coordinates  are  given  by 


where  r  and  z  are  the  particle’s  position,  ro  and  Zq  are  the  coordinates  of  the  origin,  and  i  and  j  are 
the  coordinates  of  the  cell  that  contains  the  particle  (see  Figure  3.4).  Determining  a  particle’s  cell 
coordinates  on  an  unstructured  mesh  is  much  more  complex.  Each  particle  must  be  explicitly 
tracked  to  determine  when  it  crosses  a  cell  boundary  and  what  cell  it  is  leaving/entering  as  it 

*  The  term  “mesh”  will  be  used  to  refer  to  a  single  level  in  an  embedded  mesh.  The  term  “grid”  will  be  used 
to  reler  to  the  collection  of  all  the  meshes  in  a  domain. 


78 


perimeter  of  a  mesh  scales  as  f  l  u  meshes  are  stored  in  a  tree  like  structure 

..n.itv  k  relativeW  small.  In  our  simulauon,  embedded  meshes  are  storeo  m  d 

penal  y  ^ <  c  h  fine  mesh  is  a  called  a  “chUd”  of  the  coarse  mesh  one  level  above  it. 

-r::r- r::r:r:r 

dlru.e  toL  rfte  ITelToru^utnl  domain.  When  apartiele  crosses  a  m«h  boundary, 
i,  .s  •■jumped"  to  a  parent  or  child  mesh  as  appropriate.  Its  position  on  the  new  mesh  ts  fou 

^  ation  t3  3  1 )  An  advantage  to  this  storage  scheme  is  that  gnd  related  funcuons  can  be 

-eas^ 

a.  each  node  on  a  given  mesh,,  the  routine  is  first  used  to  evaluate  the  top  mesh  and  then  calls 
to  evaluate  each  chUd  mesh.  Each  chUd  mesh  calls  the  routine  again  to  evaluate  tB  chtldren,  an 
on  Because  dte  formulation  ts  recumive,  the  simulation  can  be  easUy  scaled  to  arbttrary  numbe 
of  embedded  meshes.  In  addiuon,  a  routine  verified  on  one  parent.chdd  combmanon  wtU 

senerally  work  without  modification  on  any  further  meshes. 

A  relatively  small  amount  of  informauon  is  needed  to  define  an  embedded  mes  . 
informauon  includes  the  posidon  of  the  local  origin  relative  to  parent  and  child  meshe^  the  cell 
spacing  and  dte  number  of  nodes  in  each  direcuon.  We  also  store  informat, on  about  Ute 
boundaries  of  each  cell  and  its  relationship  to  parent  and  child  meshes.  The  gn  occupies 
mrjin  a  nadltiona,  embedded  mesh,  hut  dte  addidonal  information  lowem  the  compuutton 
rime  by  facilitating  the  tracking  of  particles  as  they  move  through  the  domam.  The  basic  gn 
rnfomtarion  is  stored  in  two  different  dau  structures,  one  associated  with  nodes  and  one  assoca 
with  cells.  These  data  structures  are  defined  using  the  following  C  code. 


*  The  term  “mesh”  will  be  used  to  refer  to  a  single  level  in  an  embedded  mesh, 
to  refer  to  the  collection  of  all  the  meshes  in  a  domam. 


The  term  “grid”  will  be  used 
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typedef  struct  { 
char  celltype; 
edgedata  edge [4] ; 
float  local^time; 
float  sigma_v_m^; 
int  ncollision; 
int  summed^ncollision; 
unsigned  int  *npart; 
parti cledata  **part; 

}  celldata; 


/*  Switch  to  tell  if  cell  borders  on  fine  cells  */ 
/*  One  for  each  of  the  four  edges  */ 
/*  Local  time  coxmt  (for  MCC  module)  */ 
/*  Max  sigma  *  velocity  (for  MCC  module)  */ 
/*  Number  of  collisions  in  that  cell  */ 
/*  Sum  to  calc,  average  nunilDer  of  collision  in  cell 

/*  Number  of  particles  in  the  cell  */ 
/*  Pointer  to  list  of  particles  in  cell  * ! 


/*  Weight  factor  for  density  multiplication  */ 
/*  Electric  field  in  x  direction  */ 
/♦  Electric  field  in  y  direction  */ 
/*  Neutral  number  density  * ! 

/*  Potential  */ 
/*  Negative  charge  density  *  f 
f*  Sum  used  to  calc.  ave.  vx  */ 
/*  Sum  used  to  calc.  ave.  vy  */ 
/*  Running  "sum"  for  velocity  sairples  */ 
float  suirmed^ndensity;  Sum  to  calc,  time  ave.  neutral  density  */ 

float  suinned_rho;  /*  Sum  used  to  calculate  time  ave.  (ion)  charge  density  */ 
float  suitTned_phi ;  /*  Sxma  used  to  calculate  time  ave.  potential  */ 

float  sndensity[5] ; 
float  species_vx[5] ; 
float  species_vy [5] ; 
float  species_saiTples  [  5]  ; 

char  switchns;  /*  Switch  to  indicate  which  way  to  difference  e  field  */ 

char  switchew; 

short  int  nobj ;  /*  Index  to  object  node  is  assocaited  with  */ 

short  int  n;  /*  Index  to  node  on  the  object  */ 

)  nodedata; 


typedef  struct  {  . 
float  weight; 
float  ex; 
float  ey; 
float  ndensity; 
float  phi; 
float  rhominus; 
float  suinned^vx; 
float  suirmed_vy; 
float  nvsaiTples; 


The  code  shown  above  defines  two  data  structures:  one  for  cells  (named  celldata  )  and  one 
for  nodes  (named  “nodedata”).  A  set  of  data  is  stored  for  every  cell  or  node  in  the  domain.  The 
next  two  sections  briefly  discuss  the  contents  of  each  of  these  structures.  Several  of  the  parameters 
used  in  these  structures  are  flags  which  are  defined  using  arbitrary  constants  .  A  flag  may  be 
designated  by  the  values  TRUE  and  FALSE,  for  instance,  which  are  traditionally  represented  by 
the  values  one  and  zero  respectively.  The  actual  value  of  these  constants  is  not  significant  and  are 
omitted  from  the  descriptions  given  below. 


Cell  Data  Structure 

celltype  is  a  flag  indicating  whether  a  cell  borders  on  a  child  mesh.  It  has  two  possible  values. 

•  DEFAULT_CELLTYPE:  the  cell  does  not  border  on  a  child  mesh 

•  BORDERS_ON_FINE:  the  cell  does  border  on  a  child  mesh 

edgedata  is  a  set  of  four  data  structures,  one  for  each  of  the  four  faces  of  the  cell.  These  faces  are 
referred  to  using  the  names  NORTH,  SOUTH,  EAST  and  WEST  as  shown  in  Figure  3.4.  Each 
of  these  structures  contains  two  components,  type  is  a  flag  indicating  the  type  of  the  edge.  It  can 
take  on  the  following  values. 
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.  mTERIOR  BND:  d,e  edge  Ues  on  an  interior  boundary  of  dre  donrain  (typically  a  solid 
rface)  Particles  crossing  this  edge  are  subject  to  surface  boundary  conditions. 

.OTOrBNDttheedgeliesonanexteriorbotntdaryofthedon.^ 

this  edge  are  subject  to  exterior  boundary  condiuons. 
c  Ax/rp  TFT  L-  the  edge  borders  on  a  cell  with  the  same  resoluuon. 

:  F^CELL:  the  edge  corresponds  to  dte  edge  of  a  ohUd  tnesh.  The  bordering  cells  are  of 

.CoI^SE;i:Urcedgecorrespondstotheedgeofapa«nttr.esh.  The  bordering  ceUs 

.  NrB^The  ^gr^riers  on  nothing,  ThU  is  used  in  the  interiors  of  solid  objects^ 

yheseco«onentUtheind.con.ponent.ltcon^^ 

object  ^  fbUoj.  ^  ,  aosignates  the  object  lying  on  •hj" 

.  If  the  edge  is  a  FINE_CELL  it  designates  a  child  mesh  connected  to  t  e  oun  ry. 

^  •  V  mnx  are  values  used  to  do  local  time  counting  and  selection-rejection  for 

L  an  array  of  points  to  United  lists  of  tbe  particles  presendy  located  m  the  cell.  The  Imked 
memory  structure  is  described  in  the  computational  notes  m  section  3.  . 

“‘^^^TiSformadon  contmned  in  dte  node  data  strucntre  comesponds  to  ph^tc.  v^alu«^ 
used  to  move  particles  and  to  produce  user  output..  «  and  ev,  for  instance,  corresp 
components  of  the  electric  field.  SimUarly.  vx  and  vy  correspond  to  two 
velocity,  and  nriensity.  phi.  rhomims  correspond  to  physical  quanttues  as  descnbed  m  the 
comments  included  in  the  definition.  The  rest  of  the  structure  contains  informauon  about  the 
structure  of  the  grid  itself.  This  information  includes: 

weight  is  the  weighting  factor  used  to  calculate  the  particle  number  density  for  the  node.  These 
weighting  functions  are  described  below. 

sHirchrrs  is  a  flag  indicating  die  type  of  finiie-difference  fotmulation  used 

electric  field  at  this  particular  node.  These  formulations  are  discussed  tn  section  3.4.2.  The  flag 

can  take  the  following  values. 

.  CENTER  indicates  that  the  center  difference  formulation  should  be  used. 
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•  nO_DIFF  indicates  that  the  electric  field  should  not  be  calculated.  This  is  used  in  the 
interiors  of  solid  objects. 

•  NORTH  indicates  that  a  forward  difference  formulation  should  be  used. 

•  SOUTH  indicates  that  a  backward  difference  formulation  should  be  used. 

Similarly,  switchew  indicates  the  finite-difference  formulation  used  to  calculate  the  radial  electric 
field.  The  flag  can  take  on  the  following  values. 

•  CENTER  indicates  that  the  center  difference  formulation  should  be  used. 

•  NO_DIFF  indicates  that  the  electric  field  should  not  be  calculated.  This  is  used  in  the 
interiors  of  solid  objects. 

•  EAST  indicates  that  a  forward  difference  formulation  should  be  used. 

•  WEST  indicates  that  a  backward  difference  formulation  should  be  used. 

Finally,  if  a  node  is  located  at  an  object  boundary,  two  other  parameters  are  set  during  grid 
generation,  nobj  designates  the  object  that  the  node  is  associated  with  and  n  designates  a  node  on 
the  object  that  corresponds  to  the  node  on  the  grid. 

Additional  Notes 

As  was  stated  earlier,  embedded  meshes  can  be  used  to  resolve  areas  of  different  density  in  a 
particle  simulation.  The  proper  use  of  embedded  grids  is  a  bit  tricky  with  particle  based 
simulations.  In  CFD  applications,  users  can  almost  arbitrarily  increase  the  grid  resolution  in  order 
to  increase  the  accuracy  of  the  simulation.  The  only  tradeoff  is  in  the  computation  time,  which 
increases  linearly  with  the  number  of  nodes  in  the  simulation  In  a  PIC-DSMC  code,  however, 
increasing  the  grid  resolution  without  increasing  the  number  of  particles  results  in  a  decrease  in  the 
number  of  particles  in  each  cell.  This  actually  decreases  the  local  accuracy  by  increasing  the  noise 
in  the  simulation.  However,  smaller  cells  are  necessary  and  appropriate  to  resolve  areas  of  high 
gradients  and  high  densities.  High  density  areas  naturally  contain  more  particles,  so  the  overall 
number  of  particles  per  cell  can  be  held  constant  throughout  the  simulation  while  resolving  areas  of 
interest.  Experience  with  our  simulation  suggests  that  an  efficient  procedure  is  to  use  one  level  of 
grid  to  resolve  a  small  area  just  outside  the  thruster  exit  and  to  avoid  using  embedded  meshes 
elsewhere  in  the  domain.  In  axisyrometric  simulations,  the  macro  particle  weights  are  generally 
adjusted  so  that  there  are  at  least  10  particles  per  cell  within  the  embedded  mesh  and  throughout  the 
rest  of  the  domain. 

Another  point  which  should  be  noted  is  that  we  use  the  same  computational  mesh  for  both  the 
PIC  and  DSMC  portions  of  the.  simulation.  In  principle,  it  is  possible  to  use  separate  meshes  to 
resolve  the  two  difference  processes:  one  for  the  DSMC  mesh  and  one  for  the  PIC  mesh. 

However,  some  difficulties  may  arise  if  this  method  is  used.  In  general,  the  mean  free  path  in  a 
plasma  is  greater  than  the  Debye  length  (Bittencourt  Ch.  1).  The  DSMC  grid  would  therefore  use 
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larger  cells  than  the  PIC  grid,  which  aUows  particles  which  are  electrically  isolated  from  each  other 
to  interact  through  collisions.  As  a  result,  in  a  non-quasi-neutral  formulation,  particles  mside  a 
sheath  could  collide  with  particles  far  away  from  the  sheath  (in  an  electrical  sense),  creaung  non¬ 
physical  interactions.  To  avoid  such  problems,  it  seems  wiser  to  use  a  smgle  high  resoluuon  gnd 
for  both  simulations  even  though  this  incurs  a  computational  penalty  in  the  DSMC  portions  of  the 
simulation.  More  work  is  needed  to  clarify  the  computational  and  physical  issues  surroundmg  the 
use  of  separate  grids  for  a  PIC-DSMC  simulation. 

3.3.2  Cell  Weighting  Factors 

During  the  PIC  portion  of  the  simulation,  the  local  charge  density  is  determined  by  weighting 
particles  to  the  grid  and  then  multiplying  by  a  ceU  weighting  factor.  At  most  nodes,  the  charge 
density  can  be  determined  by  dividing  the  charge  coUected  at  the  node  by  the  volume  of  the  cell. 


where  qi  j  is  the  charge  collected  at  that  particular  node  and  h  is  the  ceU  spacing  of  the  local  mesh. 
However,  since  the  charge  carried  by  each  particle  is  shared  among  the  four  nodes  of  the  cell  that 
contains  it,  nodes  along  surfaces  and  at  comers  naturally  coUect  less  charge  than  their  freestanding 
counterparts.  This  occurs  because  boundary  nodes  collect  charge  from  a  smaller  area  than  their 
freestanding  equivalents,  as  shown  in  Figure  3.6.  Before  applying  equation  (3.3-2),  it  is 
necessary  to  multiply  the  charge  collected  by  the  ratio  of  the  ceU’s  total  area  divided  by  the  node’s 
effective  area,  as  shown  in  Figure  3.6.  This  ratio  is  referred  to  as  the  node  weighting  factor.  For 
most  nodes,  the  weighting  factor  is  one.  Particles  on  boundaries  generally  have  weighting  factors 
of  2  except  at  comers,  where  different  factors  apply.  Weighting  factors  are  not  required  at 
embedded  mesh  boundaries.  Particles  are  recursively  weighted  to  parent  meshes  and,  along  mesh 
boundaries,  to  child  meshes  so  charges  are  weighted  from  the  entire  area  around  the  node  (as 
shown  in  Figure  3.6).  This  helps  prevent  the  formauon  of  discontinuities  along  the  edges  of 

embedded  meshes. 

3.3.3  Exterior  Boundary  Conditions 

Computational  boundaries  occur  at  the  edges  of  the  domain  and  at  solid  surfaces  (such  as  the 
surface  of  a  solar  array).  Particles  crossing  these  boundaries  are  subject  to  boundary  conditions. 
This  section  describes  the  boundary  conditions  imposed  at  the  exterior  edges  of  the  compuutional 
domain.  Boundary  conditions  imposed  on  soUd  surfaces  are  described  in  section  3.6.  In 
conventional  PIC  simulations,  boundary  conditions  are  imposed  on  the  potential  and  on  particles 
interacting  with  computational  boundaries.  The  quasi-neutral  potential  formulation  used  in  this 
simulation  is  an  entirely  local  formulation  that  requires  no  explicit  boundary  conditions.  In  many 
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cases,  however,  setting  a  particle  boundary  conditions  implicitly  sets  a  potential  boundary 
condition  as  well  though  the  Boltzmann  relationship. 

Boundary  conditions  are  checked  during  the  particle  moving  phase  of  the  simulation.  As 
discussed  in  section  3.3.1,  each  cell  contains  a  series  of  flags  indicating  the  state  of  each  of  the 
cell’s  faces.  A  cell  north  face,  for  instance,  is  designated  as  an  interior  boundary ,  exterior 
boundary,  cell-to-cell  boundary,  etc.  When  a  particle  crosses  a  cell  boundary,  the  simulation 
checks  the  appropriate  flag  to  see  if  the  particle  has  crossed  an  exterior  boundary.  If  it  has  crossed 
such  a  boundary,  the  particle  will  either  be  absorbed  or  reflected  as  is  appropriate.  The  r  =  0 
boundary  (West)  is  an  axis  of  symmetry.  Since  the  axis  has  zero  width,  no  particles  should  strike 
this  boundary.  In  practice,  however,  the  use  of  a  finite  timestep  allows  some  particles  to  strike  the 
boundary.  These  particles  are  reflected  back  into  the  domain  by  reversing  the  component  of  the 
velocity  normal  to  the  boundary  and  reflecting  the  particle’s  initial  position  across  the  line  of 
symmetry,  as  shown  in  Figure  3.7.  When  the  particle’s  new  position  is  calculated  at  the  end  of  the 
time  step,  it  looks  as  though  the  particle  came  from  the  other  side  of  the  boundary.  This  accurately 
represents  the  presence  of  an  axis  of  symmetric.  The  particle  also  looks  as  though  it  struck  a  solid 
boundary  and  bounced  off  it;  the  two  cases  are  microscopically  indistinguishable.  The  other 
exterior  boundaries  are  absorbing  boundaries  representing  vacuum  or  a  background  gas.  Particles 
striking  an  absorbing  boundary  are  immediately  deleted  from  the  simulation. 

If  a  background  gas  is  present  in  the  simulation,  new  particles  must  be  loaded  at  the  edges  of 
the  domain  to  simulate  the  flux  of  particles  entering  from  the  background  due  to  thermal  motion. 

The  magnitude  of  the  particle  flux  is  the  Maxwellian  thermal  flux,  i.e. 

_  nc  _  ji  l8kT 

“  4  “  4  V  OTn  (3.3-3) 


The  velocity  distribution  of  particles  entering  the  domain  is  based  on  a  Maxwellian  distribution. 
Each  new  particle  requires  three  velocity  components.  Two  of  these  components  are  parallel  to  the 
boundary.  The  velocity  in  these  directions  is  set  using  a  Gaussian  distribution  produced  using 
equation  (3.3-8).  The  third  component  of  the  velocity  is  normal  to  the  boundary.  The  velocity  in 
this  direction  is  set  using  a  “half-Maxwellian”  distribution  function.  A  half-Maxwellian  is  not 


simply  half  of  a  Gaussian  distribution  because  particles  moving  at  different  velocities  have  different 
probabilities  of  crossing  the  boundary  into  the  domain.  The  half-Maxwellian  is  derived  from  the 
Gaussian  as  follows. 

The  basic  1-D  Gaussian  distribution  function  is  given  by 


fK)= 


1 


exp 


K-Vd) 

2vf 


Where  vi  is  the  thermal  velocity  (as  defined  in  equation  3.3-9)  and  vd  is  the  drift  velocity.  f(vx) 
gives  the  fraction  of  all  molecules  with  velocities  between  Vx  and  Vx  -t-  dvx.  An  exterior  boundary 
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a  plan.  cu.  U,ough  ..e  background 

rc:r::S---~ 

“lLCninBgu.3.S,Tbeflnnofp^^^^^^ 

velocity  is  therefore  given  by  n  \^\ 

.  .  nv,  JK-vJ 


IK)= 


V^Vt 


integrating  by  parts.  The  resulus  ,  ,  ,  .  r  f  v  ^11 


r  =  n 


exp  -^v’: 


+  Il  i  +  erfUf- 
2  lV2v, 


When  the  drift  velocity  is  zero,  this  expression  reduces  to  (3.3-3).  Tire  quantity  of  drrect  tnterest  to 
d.e  sunulauon  is  d.e  oumulaiivc  disiribulion  function  (CDF)  for  the  velocuy  of  parucles  crossmg 
blndary.  The  probabiliiy  -hat  a  pardcie  crossing  dre  boundary  has  a  veiocuy  less  rhan  y  .s 

given  by  .  x2  /  \ 


This  expression  can  also  be  evaluating  using  the  substituuon  q  -  (vx-vd)  and  gives  the  following 
result.  ^  r  \ 


V.  U 


P  =  ^[exp[-%,j-exp^-'-V2v;r«^rl^J"'  l'^JJ  (3.3-4) 

Where  rwo  signs  are  present,  m.nus  should  be  used  tvhen  y  <  vp  and  plus  should  be 
>  vp.  The  drift  velocity  is  specified  at  each  boundary.  For  a  stationary  background  gas.  the 

'''‘“'Tirnrfari'  extenor  boundary  is  evaluated  using  the  following  proid«e_  Th^untber 
of  particles  to  enter  the  domain  in  a  given  timestep  is  determined  from  equatton  (3.3-3)  .  The 
particie  is  then  assigned  velocity  components  in  the  two  directions  parallel  to  theetut  plane  usmg 
expression  (3.3-9).  The  velocity  component  normal  to  the  boundary  is  calculate  y  c  oosing 
X  nulber,  P,  from  a  uniform  dtstribution  between  0  and  1  and 

4)  to  solve  for  the  velocity  of  the  particle,  y.  When  repeated  over  many  panicles,  the  result  ts 

“half-Maxwellian"  distribution.  Equation  (3.3-4)  can  not  generauyu 

invened  computauonally  using  a  lookup  table.  The  position  of  the  pamcle  rs  *o 
randomly.  The  components  of  position  are  chosen  so  the 

anywhere  within  a  rectangular  region  adjacent  to  the  boundary  with  thickness  v,At.  Thts  corre 
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simulates  the  velocity  and  position  of  particles  entering  the  domain  from  the  body  of  a  background 
Maxwellian  gas. 

3.3.3  Source  Modeling 

Particles  are  loaded  into  the  simulation  at  each  time  step  to  simulate  the  exit  flow  from  an 
SPT-100.  A  plasma  source  model  has  been  developed  to  simulate  the  plasma  and  neutral  flow 
from  an  SPT-100  thruster.  The  model  is  highly  empirical  and  is  largely  based  on  fits  to 
experimental  data  and  reasonable  guesses  about  the  conditions  at  the  anode  exit.  This  section 
describes  the  SPT-100  source  model  and  its  experimental  basis  and  describes  the  assumptions 
made  to  construct  a  source  model. 

As  was  discussed  in  Chapter  2,  the  SPT-100  thruster  releases  neutrals,  ions,  and  electrons 
into  the  plume  region.  Since  electrons  are  simulated  using  the  Boltzmann  equation,  the  flow  of 
electrons  from  the  thruster  is  not  directly  simulated  in  the  plume  model.  The  flux  of  ions  and 
neutrals  from  the  thruster  is  given  by  equation  (2.1).  The  number  of  macroparticles  entering  the 
domain  in  each  time  step  is  equal  to  the  flux  multiplied  by  the  time  step  and  divided  by  the 
appropriate  macroparticle  weight.  The  macroparticles  are  released  from  a  simulated  annular  exit 
with  dimensions  identical  to  those  of  the  acceleration  channel.  In  the  axisymmetric  simulation,  this 
orifice  is  placed  so  the  domain’s  axis  of  symmetry  is  aligned  with  the  thrust  vector.  Because  the 
cathode  can  not  be  directly  simulated  in  an  axisymmetric  geometry,  the  flow  from  the  cathode  is 
diverted  into  the  acceleration  channel  and  released  through  the  same  annular  exit  as  the  flow  from 
the  anode.  This  approximation  is  not  used  in  three  dimensional  simulations. 

The  distribution  of  ions  leaving  the  anode  is  determined  using  an  empirical  model  developed 
from  experimental  measurements  of  the  ion  current  density  4  mm  from  the  thruster  exit.  These 
measurements  give  the  magnitude  and  direction  of  the  ion  current  as  a  function  of  radial  position  at 
an  unspecified  propellant  flow  rate  and  are  shown  in  Figure  3.9  [Gavryushin  1981].  The  exact 
type  of  thruster  is  not  specified  in  the  paper,  though  it  appears  to  be  an  early  SPT-70  or  SPT-100 
thruster.  The  measurements  were  taken  using  planar  probes,  but  no  error  bars  are  included.  The 
laboratory  data  shows  that  the  ion  current  density  and  its  direction  are  a  strong  function  of  radius. 
The  beam  divergence  angle  becomes  as  large  as  50  degrees  at  the  edges  of  the  acceleration  channel. 
The  magnitude  and  divergence  angle  of  the  ion  current  was  taken  from  Figure  3.9  and  fitted  using 
high  order  polynomial  functions.  The  results  are 

a  =  1730-2.30xl0V-i-1.06xl0V^-2.05xl0*r^  +  l.  45x10®/  (3.3-5) 

;  =  -1210-h8.40xl0V-1.78xl0®/-)- 1.18x10’/  (3.3-6) 

Where  a  is  the  local  divergence  angle  in  degrees  (as  measured  from  the  centerline,  with  negative 
towards  the  centerhne),  j  is  the  current  density  in  mA/cm  and  r  is  the  radial  position  in  meters. 

Additional  assumptions  about  the  flow  are  required  to  reconstruct  the  distribution  function 
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.  ,  Th,  first  assumption  is  that  ions  leave  the  Itouster  with  a  drift  velocity  of  17020 
T  TnirTOs  value  cLesponds  to  the  measuted  specific  impulse  of  an  SPT-100  after 
excluding  a-e  flow  m  the  cathode  .  d.  1 W 

the  plume  divergence  angle  “  J  v^ations  in  current  density  correspond  to 

variadons  in  number  density.  "“S™  g  ■  probabihty  distribution  function, 

quandty  can  be  used  to  normahze  equauon  (3.3-6),  resuldng  m  p 

Lgrating  that  result  gives  the  following  cumuladvedtstnbuuonfunco  . 


P  =  2.55  - 1.67  X  lOV^  -f  7.7 1 X 10=  r>  - 1. 23  X 10’ r'  -f  6. 50  X 10’  r' 


(3.3-7) 


Equation  (3.3-7)  gives  the  probabihty  dtat  “  f 

:i:"T'^u::?;"rus::topr;duceadistribudonofp^^^^^^^^^^ 

V,  •nFiPure3  9  p  is  set  to  a  random  number  between  0  and  1  and  (3.3  7) 

this  process  is  done  repeatedly,  the  result  is  the  ion  current  denstty 
by  equation  (3.3-6).  Equation  (3.3-7)  is  inverted  compuutionally  usmg  a  lookup  table. 

fnnnd  to  be  the  fastest  implementation  of  the  solution. 

Onl  I  pardcle's  radial  posiuon  is  known,  Equauon  (3.3-5)  is  used  to  determme  die 

pariicle's  divergence  angle  relauve  to  the  centerline.  Since  the  particle’s  total  velocity  “  ^ 

m/s  dte  divergence  angle  can  be  us^  to  calculare  the  axial  and  radial 
panicle  The  result  is  the  mean  axial  and  radial  velocity  of  particles  at  a  given  . 

order  to  fill  out  the  distribution  function,  thermal  velocity  components  must  be  added  tn  the  axta 
and  radial  directions.  We  use  Gaussian  distributions  based  on  esumates  of  the  ' 

the  anode  exit  Gaussian  distribuUons  are  constructed  using  an  algorithm  presented  in  B.rdsail 
[pg.  391).  A  MaxweUian  distribunon  chatacterized  by  the  thermal  veloctty  v,  ,s  consttucted  using 

the  following  expression. 


V  i—i 


.-1/2 


(3.3-8) 


This  expression  creates  a  Gaussian  from  the  sum  of  M  randomly  chosen  numbers  between  0  and 

1.  Vi  is  the  thermal  velocity  and  is  given  by 

(3.3-9) 

where  T  is  the  temperantre  of  die  distribution  and  m  U  the  mass  of  the  ion/neut^pariicle  We  ^e 
M  !  ,2.  whtch  givL  an  excellent  approximation  of  a  MaxweUian  distribution.  The  result  ts  added 
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to  the  axial  and  radial  velocities  produced  by  equations  (3.3-5)  and  (3.3-6)  to  give  the  final  particle 
velocity. 

The  radial  and  axial  temperatures  are  treated  independently.  The  axial  ion  temperature  is  a 
measure  of  the  scatter  that  appears  because  ions  created  in  different  parts  of  the  acceleration  channel 
fall  though  different  acceleration  potentials.  As  discussed  in  Chapter  1,  Manzella  [1994]  used  laser 
induced  fluorescence  to  measure  the  axial  ion  temperature  and  reported  a  temperature  of  3.4  eV. 
Myers  and  Manzella  [1994],  Absalamov  [1992]  and  Gallimore  [Personal  Communications  1996] 
used  retarding  potential  analyzers  to  measure  the  ion  energy  distribution  and  produced  results 
which  are  roughly  consistent  with  this  ion  temperamre.  Sample  measurements  from  Absalamov 
are  shown  in  figure  2.2.  The  apparent  spread  in  the  ion  energy  distribution  is  deceiving.  Although 
the  peak  is  almost  50  volts  wide,  the  actual  temperature  is  much  less  than  this  because  this  plot 
show  the  energy  rather  than  the  velocity  distribution.  The  actual  temperature  distribution  is  derived 
in  section  4.2.4.  We  examined  the  effect  of  varying  the  axial  ion  temperature  on  the  simulation  and 
used  temperatures  ranging  from  3.4  eV  to  34  eV.  These  results  are  discussed  in  section  4.2.4. 

The  temperature  of  the  ions  in  the  radial  direction  has  not  been  measured.  We  assume  a  radial 
temperature  of  8000  K  in  the  plume  simulation. 

Ions  emerging  from  the  thruster  also  have  non-zero  azimuthal  velocities.  The  azimuthal 
velocity  of  ions  emerging  from  an  SPT-100  thruster  was  measured  by  Manzella  [1994]  using  laser 
induced  fluorescence.  He  measured  azimuthal  drift  velocities  of  250  m/s  and  an  azimuthal 
temperature  of  800  K.  These  values  are  also  used  in  the  plume  sunulation. 

The  neutral  distribution  in  the  near  field  region  of  the  acceleration  channel  has  not  been 
measured.  The  simulation  assumes  that  neutrals  leaving  the  thruster  have  a  temperature  of  1000  K 
(about  0.1  eV)  and  are  choked  at  the  channel  exit.  The  radial  and  azimuthal  drift  velocities  are 
assumed  to  be  zero  and  the  axial  drift  velocity  is  given  by  the  sonic  velocity,  i.e. 


Thermal  velocities  corresponding  to  a  temperature  of  1000  K  are  calculated  using  expression  (3.3- 
8)  and  are  added  in  all  three  directions. 

3.4  Particle-in-Cell  Theory  and  Techniques 

3.4.1  Particle  Motion 

The  Hall  Thruster  simulation  moves  both  ions  and  neutrals  by  integrating  the  particle 
equations  of  motion  using  the  leapfrog  method.  In  Chapter  2,  it  was  established  that  the  magnetic 
field  in  the  plume  would  be  ignored  in  this  simulation.  Since  collisions  are  earned  out  in  a  separate 
step,  in  axisymmetric  coordinates,  the  equations  of  motion  are  simply 
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(3.4-1) 


_  qEp 

dv. 

qE, 

m  r 

-  ” 

dt 

m 

dr 

dz  _ 

dt 

dVfl  _ 

dt 


integratea  g  f  ^  ,  r  „«,AthnHis  discussed  in  detail  in  several  books 

rnLCgiLr.r'r”  ^  pp- 

equations  of  the  form 

^  >  nK  tj.1  t  A* 


v-'=v:-hf^+— 


m  r  y 
!■'+’  =  r*  +  V  At 


v‘^'  =v' +^At 

^  m 


V  V 

‘+1  _  ,r‘  '  - 

Va  =Ve - - 


^t+l  _  2*  +  V-At 


I*-  -  =  r  “T  \^LM  -  ^ 

The  velocity  and  position  equaUons  ate  evaluated  at  diffetent  points  in  die  untestep.  as  shot™  m 
Hv  Je  r.O  Tlte  Sintulation  advances  x  and  v  based  on  each  other  even  though  diey  ate  not 
acmally  known  at  the  same  lime.  Strictly  speaking,  dte  iniiial  posiiion  and  velocity  of  the  panic 
should  be  offset  from  each  other  by  half  a  iimestep.  Since  out  velocities  and  positions  ^  chose 
L  dlly,  no  explicit  offset  is  used  in  out  simulation.  As  discussed  in  B>r,.aU.  the  model  is 

second  order  accurate  and  very  simple  to  implement.  The  method  produces 
H  endine  on  the  fteoucncy  of  the  process  simulated.  In  general,  a  harmonic  oscillator  of  radian 

f^rwitibn— 

{Birdsall  pg.  14) 

ruAt  -F — (ruAt)^  +  H.O.T. 

It  has  been  noted  that  the  leapfrog  method  will  simulate  waves  for  some  “tens  of  cycles”  with 
“acceptable”  accuracy.  This  crimrion  sets  an  upper  limit  on  the  frequencies  which  can  be  accurate  y 

simulated  using  the  quasi-neutral  PIC-DSMC  plume  model. 

3.4.2  Electric  Field  . 

In  order  to  calculate  the  electric  field,  it  is  necessary  to  know  the  ion  charge  density 

Oiroughout  tiie  computation^  domain  (in  principle,  it  is  also  necessary  to  know 
density,  but  in  this  case,  the  plasma  is  quasi-neutral  by  assumption  so  ne  -  ni).  The  ion  g 
density  U  calculated  by  weighting  the  charged  particles  on  the  domain  to  the  nodes  of  an  embedded 
mesh  using  a  first  order  area  weighting  method.  Consider  a  particle  mside  an  axrsymmetnc  gn 
TeL  Shown  in  Figum  3.11.  The  charge  Q  carried  by  the  particle  P  is  divided  among  the  four 


89 


nodes  of  the  cell  based  on  the  volume  of  the  section  of  the  cell  located  across  from  the  node.  The 
fraction  of  the  charge  weighted  to  node  1,  for  instance,  is  based  on  the  volume  of  section  V] 
divided  by  the  total  volume  of  the  cell.  This  weighting  in  accomplished  through  the  use  of 
weighting  factors.  The  radial  weighting  factors  for  an  axisymmetric  geometry  were  developed  by 
Ruytan  [1993]  and  are  given  by 


2(4-0 


0 


2(4-0 

Where  S  is  the  weighting  factor  and  subscripts  refer  to  grid  coordinates  (see  Figure  3.11).  The 
axial  weighting  factors  are  simply  Cartesian  weighting  factors  given  by 

s<=- 


Zj^l-Zp 


e  - 
^i+l  “ 


Zi+l-Zi 


Zni-Zi 


The  fraction  of  the  total  charge  assigned  to  each  node  is  given  by  products  of  the  four  weighting 
factors,  as  shown  in  Figure  3.1 1.  These  products  are  given  by  Wi,  W2,  W3  and  W4  respectively. 
The  sum  of  Wi,  W2,  W3  and  W4  is  always  unity. 

Once  charges  have  been  weighted  to  the  grid,  the  charge  density  is  determined  by  multiplying 
the  collected  charge  at  each  node  by  a  node  weighting  factor  (discussed  in  Section  3.3.2)  and 
dividing  the  result  by  the  total  volume  of  the  cell.  The  potential  is  then  determined  directly  using 
equation  (3.2-4).  The  electric  field  is  determined  by  differentiating  the  potential  using  a  finite- 
difference  formulation.  We  use  a  second  order  center  difference  formulation  of  the  form 


pf  —  ^i.j-1 

2h 


Em  =  - 


2h 


(3.4-2) 


Physically,  a  center  difference  is  the  preferred  finite  difference  approximation.  However,  Equation 
(3.4-2)  can  not  be  used  along  mesh  and  domain  boundaries  because  the  leading  or  trailing  node  is 
undefined  at  those  locations.  The  electric  field  is  then  determined  using  a  second  order  forward  or 
backwards  difference  approximations  of  the  form 


Forward: 

2h 

Backward:  ~ 

2h 


(3.4-3) 


Similar  formulations  are  used  for  the  radial  electric  field.  One  sided  difference  approximations  are 
used  along  domain  edges,  along  solid  surfaces,  and  along  the  edges  of  embedded  meshes.  The 
use  of  one  sided  difference  approximations  along  the  edges  of  embedded  meshes  could  introduce 
grid  artifacts  to  the  electric  field,  but  in  practice,  no  discontinuities  have  been  observed  in  any  of 
the  simulations.  It  should  be  noted  that  no  independent  boundary  conditions  are  imposed  on  the 
potential.  Because  equation  (3.2-4)  is  a  local  formulation,  potential  boundary  conditions  are  not 
required  in  this  quasi-neutral  simulation. 
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3.5  DSMC  Theory  and  Techniques 

3.5.1  Multi-Species  Time  Counter  and  Selection-Rejection 

CEX  colUsions  are  modeled  between  move  steps  using  a  modified  rnulti-species  DSMC 
method  which  is  outlined  in  Figure  3.12.  The  method  used  is  a  multi-species  selection-rejection 
scheme  which  uses  a  single  global  time  counter  to  determine  coUision  rates.  It  is  based  closely  on 
Elgin,  which  is  in  turn  based  on  methods  described  by  Bird  [1976].  The  method  supports  particles 
of  different  species  and  different  macroparticle  weights,  though  the  method  described  here  is 
restricted  to  a  single  weight  for  each  type  of  particle  (neutral,  ion,  or  double  ion).  A  weU  known 
and  fairly  conservative  variation  of  the  DSMC  method  is  used  in  this  work.  More  computationally 
efficient  and  advanced  methods  have  been  described  in  recent  work  includmg  the  most  recent 
edition  of  Bird  [1994].  Well  known  methods  were  used  in  order  to  simplify  the  collision  module. 
Better  computational  performance  may  be  achievable  using  more  advanced  vanations  of  the  DSMC 

method. 

The  first  step  in  a  traditional  DSMC  program  is  to  sort  the  particles  by  their  location  and 
create  lists  of  the  particles  present  in  each  cell.  Our  simulation  tracks  particles  as  they  cross  from 
cell  to  cell  during  the  move  phase,  so  no  separate  sorting  stage  is  necessary.  Each  particle  contains 
a  record  of  the  mesh  and  cell  that  contains  it,  and  each  ceU  contains  Usts  of  each  type  of  particle 
(ion,  double  ion,  or  neutral)  present  in  the  cell.  Each  ceU  has  a  single  local  time  counter  which  is 
set  equal  to  zero  at  the  beginning  of  the  simulation.  The  basic  procedure  is  the  same  that  desenbed 
in  Section  1.1.4.  Each  iteration,  the  program  begins  by  adding  one  timestep  to  the  local  time 
counter.  The  program  then  compares  the  value  of  a  cell’s  local  time  counter  to  the  global  time 
counter.  If  the  local  time  is  greater  than  the  global  time,  the  simulation  proceeds  to  the  next  cell.  If 
the  local  time  is  less  than  the  global  time,  a  pair  of  colUsion  partners  is  selected  randomly  based  on 
the  selection-rejection  method.  When  a  coUision  takes  place,  the  local  time  counter  is  incremented 
based  on  an  inverted  coUision  frequency.  The  local  time  counter  is  compared  to  the  global  time 
counter,  and  the  process  is  repeated  untU  the  local  time  exceeds  the  global  time. 

The  selection-rejection  and  local  time  counter  have  been  modified  to  account  for  multiple 
species  undergoing  multiple  coUisions.  A  total  of  three  different  species  are  included  in  the 
axisymmetric  plume  simulation:  Xenon  neutrals.  Xenon  ions,  and  Xenon  double  ions.  Xenon 
beam  ions  and  Xenon  CEX  ions  are  labeled  differently  in  the  simulation  (i.e.  they  show  up  as 
different  colors  when  displayed  using  visuaUzation  software),  but  are  treated  the  same  in  the 
colUsion  process.  This  is  also  the  case  for  Xenon  double  ions.  Table  3.1  shows  the  collision 
processes  included  in  the  present  simulation. 
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CEX 

Elastic 

Xe-Xe+ 

Xe-Xe-^ 

Xe-Xe 

Xe-Xe+ 

Xe-Xe++ 

Table  3.1:  Collisions  Simulated  in  Plume  Simulation 

For  completeness,  elastic  collisions  are  simulated  even  though  work  presented  in  Chapter  2 
indicates  that  they  are  unlikely  to  affect  the  physics  of  Hall  thruster  plumes.  Additional  collision 
types  could  also  be  included  in  principle.  Notably  missing  are  Xe^-Xc*"  collisions  due  to  Coulomb 
interactions.  Simulating  these  collisions  is  computationally  impractical  for  reasons  discussed  at  the 
end  of  section  3.5.1.  Omitting  these  collisions  has  little  effect  since  the  mean  free  path  for  ion-ion 
collisions  is  long  throughout  the  plume  region  (as  shown  in  Table  2.2).  We  note,  however,  that 
Coulomb  collisions  could  become  significant  if  the  PIC-DSMC  model  were  used  to  simulate 
plumes  of  lower  ion  temperature  or  higher  ion  density.  In  addition,  for  computational  reasons, 
Xe-Xe  collisions  were  also  omitted  from  simulations  conducted  with  neutral  background  gas.  This 
also  has  little  effect  on  the  plume  (see  section  3.5.2). 

A  selection-rejection  scheme  is  used  to  choose  collision  pairs  and  a  single  local  time  counter 
is  used  to  determine  the  collision  frequency  for  all  collision  processes.  Both  schemes  have  been 
modified  to  account  for  multiple  collision  species  and  variable  macro-particle  weights.  The  next 
two  sections  describe  these  limitations  in  detail  and  outline  the  computational  limitations  of  each 
method.  The  details  of  the  collision  dynamics  and  calculation  of  the  collision  cross  sections  are 
presents  in  section  3.5.2. 

Selection-Rejection 

It  is  useful  to  begin  with  some  nomenclature.  When  a  collision  occurs  between  two  particles 
of  unequal  macroparticle  weights,  the  higher  weighting  factor  will  be  referred  to  as  Wy  (“upper 
weight”)  and  the  lower  weighting  factor  will  be  referred  to  as  Wj  (“lower  weight”).  Selection- 
rejection  for  multi-species  collisions  is  done  by  picking  a  “random”  pair  of  particles  and  then 
applying  the  following  criterion: 

•  Collision  occurs  if: 

j8<-P-  Q  =  W„ct^c,  (3.5-1) 

Qmax  is  the  largest  Q  which  has  been  seen  in  this  particular  cell  among  all  possible  collisions,  even 
those  of  different  types  or  between  difference  species.  A  local  value  of  Qmax  is  used  because 
different  parts  of  the  domain  may  see  significantly  different  values  of  Q.  If  a  global  counter  were 
used  instead,  those  parts  of  the  domain  in  which  Q  «  Qmax  would  have  small  values  of  Q/(2max, 
so  the  simulation  would  spend  very  large  amounts  of  time  rejecting  otherwise  valid  collisions. 
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When  a  local  Qmax  is  used,  each  cell  will  adjust  itself  to  local  conditions.  Because  the  two  particles 
have  different  weighting  factors  (and  therefore  represent  different  numbers  and  masses  of 
particles),  modifying  the  velocity  and  momentum  of  both  particles  in  every  collision  would  violate 
the  overall  conservation  of  momentum  and  energy.  To  ensure  conservation  of  energy  and 
momentum,  another  selection  rejection  is  done  based  on  the  weights  of  the  two  particles,  i.e. 

W„  (3.5-2) 

Where  P  is  a  random  number  chosen  from  a  uniform  distribution  between  0  and  1 .  If  equation 
(3.5-2)  is  true,  the  simulated  colUsion  is  carried  out  as  though  the  two  particles  had  the  same 
macroparticle  weight.  If  equation  (3.5-2)  is  false,  the  simulated  coUision  is  carried  out  as  before, 
but  changes  are  made  only  to  the  particle  with  the  lower  weight.  The  particle  with  the  higher 
weight  is  allowed  to  continue  on  its  original  trajectory.  In  this  scheme,  energy  and  momentum  are 
conserved  at  a  statistical  level  even  though  they  are  not  conserved  in  individual  collisions.  In  the 
limit  as  the  weights  become  equal,  our  scheme  becomes  a  conventional  DSMC  method.  In  the 
other  limit,  as  the  neutral  weight  becomes  infinitely  large,  our  scheme  approaches  the  conditions 
simulated  in  a  PIC-MCC  method.  In  all  cases,  all  members  of  one  species  (either  ions  or  neutrals) 
have  the  same  macroparticle  weight.  Note  that  the  selection  criterion  used  in  (3.5-1)  is  based  on 
the  Wu.  This  is  because  each  computational  collision  represents  Wi  real  collisions,  so  the  selection 

probability  must  be  increased  by  the  factor  WuAVi. 

In  order  for  (3.5-1)  to  work  correctly,  the  process  for  “randomly”  choosing  particles  within 
a  cell  must  be  weighted  by  the  types  of  collisions  the  particle  can  undergo.  In  this  case,  since  all  of 
the  collision  pairs  shown  in  Table  (3.1)  involve  a  neutral  as  the  first  collision  partner,  the  first 
particle  is  randomly  selected  from  the  neutrals  in  the  cell.  The  second  collision  partner  can  be  an 
ion,  double  ion,  or  neutral,  but  since  ions  and  double  ions  can  participate  in  both  elastic  and  CEX 
collisions,  each  ion/double  ion  is  weighted  by  a  factor  of  two  with  respect  to  the  ions  in  the 
simulation.  The  code  used  to  implement  this  selection  scheme  is  shown  below. 
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/*  choose  xe  neutral,  ion,  or  double  ion  for  CEX  or  elastic  collision  *! 
n2  =  ran2(idain)*(2.0*localnpart[XE_I0N]+  2  .O*localnpart  [XE_2_I0N] 

-►localnpart  [XE^NEUTRAL] )  ; 

/*  Select  a  random  particle  * ! 
if  (n2  <  localnp2Lrt  [XE_ION] )  { 
collision type  =  SINGLE_CEX; 
part2  =  *  (local_part  [XE_I0N1  [n2] )  ; 
goto  end_select_n2; 

) 

else  n2  -=  localnpart [XE_ION]  ; 

if  {n2  <  localnpart  [XE_ION]  >  { 

collision  type  =  XE_XE_ION_ELASTIC; 
part2  =  *  (local_part  [XE_ION]  [n2] )  ; 
goto  end__select_n2  ; 

) 

else  n2-=  localnpart [XE_ION] ; 

if  (n2  <  localnpart [XE_2_I ON] )  { 
collision type  =  DOUBLE^CEX; 
part2  =  *  (local_part  [XE_2_I(3^]  [n2]  )  ; 
goto  end_select_n2; 

} 

else 

n2  -=  localnpart  [XE_2_I0N]  ; 

if  {n2  <  localnpart [XE_2_I ON] )  { 

collisiontype  =  XE_XE_DOUBLE_ION_ELASTIC ; 
part2  =  *  (localnpart  tXE_2_I ON]  [n2]  )  ; 
goto  endnSelect_n2 ; 

) 

else 

n2  -=  localnpart [XE_2nI0N] ; 

if  {n2  <  localnpart [XEnNEUTRAL]  )  { 

/*  Half  the  neutral -neutral  choices  have  to  be  thrown  out  */ 

/*  Because  the  Xe-Xe  collision  rate  is  0 . 5*n^2*c* sigma  */ 
if  (ran2{idum)  <0.5)  { 

collisiontype  =  XE^XEnELASTIC; 
part2  =  *  ( localnPart  [XE__NEUTRAL]  [n2] )  ; 
goto  end_selectn.n2  ; 

} 

else 

continue; 

} 

else 

nr err or ( "Failed  selection  in  collision,  n2\n"); 

The  collision  cross  section  used  in  (3.5-1)  depends  on  the  collision  partner  selected.  If  there  is 
more  than  one  possible  collision  type  (a  Xe-Xe+  pair  can  undergo  either  elastic  or  CEX  collisions), 
the  type  of  cross  section  is  also  chosen  randomly  and  then  calculated  based  on  the  particle’s  relative 
velocities. 

As  a  final  note,  the  selection  rejection  scheme  is  known  to  fail  under  some  circumstances. 

One  case  is  when  a  single  large  value  of  Q  makes  Qmax  much  larger  than  Qmean-  Since  (3.5-1)  is 
based  on  the  ratio  of  Q  to  Qmax»  a  very  large  Qmax  will  cause  the  simulation  to  spend  most  of  its 
time  rejecting  collision  pairs.  Some  cross  sections,  like  the  Coulomb  cross  section,  approach 
infinity  as  the  relative  velocity  between  the  two  collision  partners  approaches  zero.  These 
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colUsions  can  nol  be  simulated  using  the  selection-rejection  method  because  the  large  cross  section 
results  in  »  Qn»an.  The  selecUon-tejection  scheme  also  fails  if  there  are  mo  f^  pamd« 
in  the  cell.  The  simulation  can,  for  instance,  take  two  particles  and  repeatedly  colhde  them  toge 

inasingleumestep.  This  results  in  little  effect  after  the  first  few  collisions.  Empmcally  tthas 

been  observed  that  about  20  particles  are  required  in  each  cell  to  simulate  the  dynamics  of  neutral 
collisions  properly.  The  simulation  includes  a  hard  limit  which  ensures  that  no  colhston  are  earned 
out  if  fewer  than  4  neutrals  and  4  ions/double  ions  are  present  in  a  given  ceU.  This  entenon  is 

discussed  more  in  the  next  section. 


Time  Counter  .  . 

As  was  discussed  in  Chapter  1,  the  time  counter  for  a  single  species  undergoing  colhstons 

with  itself  is  given  by 


Ar,= 


(3.5-3) 


The  number  density  is  given  by  n  =  NWA^  where  N  is  the  number  of  macro  particles  m  the  cell,  V 
is  the  cell  volume,  and  W  is  the  macroparticle  weighting  factor.  (3.5-3)  is  the  time  increment  for 
each  real  coUision.  Each  simulated  coUision  represents  W  real  colUsions,  so  the  final  expression 


for  the  time  increment  for  each  simulated  coUision  is 

2V 

At  = 


(3.5-4) 


N-Wac, 

Equation  (3.5-4)  is  valid  for  species  undergoing  coUisions  with  themselves,  regardless  of  the 
number  of  species  in  the  simulation.  One  approach  to  simulating  multiple  collision  between 
multiple  species  is  to  maintain  a  separate  time  counter  for  each  type  of  colUsion.  The  general  form 

of  (3.5-4)  is  simply 


(3.5-5) 


Where  5  is  the  Kronecker  delta  and  i  and  j  are  indices  representing  each  type  of  particle  m  the 
simulation.  Since  a  copy  of  each  time  counter  must  be  stored  with  each  grid  cell,  the  memory 
required  to  store  time  counters  rapidly  comes  to  exceed  the  memory  used  to  store  the  gnd  itself. 
Elgin  showed  that  in  a  multi-species  mixture  in  which  each  species  can  mteract  with  itself  or  with 
other  species,  a  single  local  time  counter  can  be  used  for  each  cell.  The  time  increment  for  each 
real  coUision  is  then  given  by 

(3.5-6) 


At.  = 


Vn%jc, 


Where  n  is  the  total  number  density  and  is  given  by 


n  =  /i,  4-«2  + 
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Elgin's  time  counter  is  valid  when  each  species  will  undergo  one  and  only  one  type  of  colUsion 
with  each  of  the  other  species  in  the  simulation.  In  this  case,  however,  some  species  undergo  no 
colUsion  interactions  (Xe+-Xe++  for  instance)  whUe  other  species  can  undergo  multiple  interacuons 
(Xe-Xe+  CEX  and  Xe-Xe+  elastic  colUsions).  We  therefore  derive  a  different  multi-species  time 

counter  using  the  following  procedure. 

Equation  (3.5-5)  can  be  used  to  simulate  multiple  coUisions  by  maintaining  a  separate  counter 
for  each  colUsion  pair.  But  as  long  as  colUsions  occur  in  the  correct  proportion  to  each  other,  it  is 
sufficient  to  monitor  only  one  collision  counter.  The  difficulty  is  in  selecting  a  counter  to  monitor. 
If  once  chose  to  monitor  colUsions  of  type  2-2,  for  example,  the  system  would  fail  in  ceUs  where 
no  particles  of  type  2  were  present  This  problem  is  avoided  by  monitoring  an  average  of  all  of  the 
counters.  Given  that  one  can  monitor  any  one  time  counter,  it  foUows  that  one  can  also  monitor 
any  weighted  average  of  the  time  counters.  This  results  in  a  single  multi-species  time  counter  with 

the  foUowing  form 

_  (3.5-7) 


SXD, 


i=l  j=l 


This  time  counter  is  vaUd  for  any  D.  Elgin  uses 

D.  = 


(3.5-8) 


which  gives  (3.5-5)  above  when  aU  species  can  coUide  with  all  other  species  in  one  and  only  one 
way.  In  this  case,  we  are  considering  five  different  types  of  collision  occurring  between  three 
species.  Combining  (3.5-7)  and  (3.5-8)  in  this  case  gives 

n^nitoicEx  +  n^nitpiE  -I-  non;to2CEx  +  n^n^tp^e  +  °  °°/2  (3.5-9) 

2n„n,+2n„n2  +  '^j/^ 

Where  no  is  the  heuU'al  density,  ni  is  the  Xe  single  ion  density,  n2  is  the  Xenon  double  ion 
density,  and  t  is  the  coUision  counter  for  that  particular  combination  as  given  by  (3.5-5).  So,  for 
instance,  AtoiCEX  is  given  by 

1 


At 


OICEX 


VninjCT,2CEX^r 


Substituting  and  simplifying  gives  the  foUowing  expression  for  the  multi-species  time  counter 


2non,-i-2non,-t-  ^  Noc, 


where  V  is  the  volume  of  the  ceU.  FinaUy,  we  must  account  for  variable  macroparticle  weighting 
factors.  In  each  case,  the  local  number  density  is  given  by  an  expression  of  form 
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N'W, 

Y 

Substimling  gives  this  tom.  for  the  collision  time  comter 

At  = 


A 

-  <^jCr 
J 


- 7 - -  N^W 

NoW„|^2N,W,  +  2N2W2+— y-  ^ 

TOs  is  the  time  incmment  for  each  real  colliston.  Tlte  ume  increment  for  each  simulated  colliston  is 

_ WiV _  (3.5-10) 

NoW„(^2N,Wi  +  2N2W2  + 

ofexpression(3.5-10)dependsl.nearlyonthelotvestwe.ghto  P 

..  Lu  IfN,  »Nt  1-1  coUisions  will  have  timesteps  much  greater  than  1-2  collisions 

;tlg  ™'coms.on  cross  sections  are  roughly  the  same  order  of  magmtude).  .  a 
estep  is  chosen  so  that  only  one  collision  of  ty,«  1-2  occuts  in  each  iteration  when  a  coUision 
of  type  1  ■  1  occurs  (which  will  happen,  despite  the  low  selection-rejecuon  probab.hty),  the  loc 
nm  wm  be  set  to  value  much  larger  than  die  global  dme  step.  This  effectively  mmoves  the  cell 
rll  sTderation  for  many  timesteps.  If  the  timestep  U  set  so  a  collision  of  pipe  1-1  occurs  m 
Teh  rmestep.  the  simulaUon  wUl  also  catty  out  many  coUisions  of  type  1-2  in  each  imrauon.  Th. 
is  very  computationally  inefficient.  Expression  (3.5-10)  is  therefore  practical  only  when  the 
IZrrweights  used  for  different  species  am  die  same  order.  The  importance  of  this  issue 
has  been  recognized  in  die  past  and  some  audiors  have  proposed  “non-time  counter  schemes 
which  may  avoid  some  of  the  problems  (Sngnno^e,  at  1990).  These  techmques  represent 

sute  of  die  art  in  DSMC  and  have  not  been  incorporated  mto  this  work. 

Veo-  large  umesteps  wiU  also  occur  when  very  tew  macroparticles  are  present  m  a  ceU^ 

When  simuladng  vacuum  conditions,  much  of  the  simuladon  wiU  inidally  contatn  few  patdcles 
msulting  in  very  large  local  umesteps.  As  the  simulation  continues,  however,  p^cles  enmnng 
diese  cL  wiU  be  unable  to  collide  with  each  other  because  the  local  time  ts  much  greater  than  the 
T— .  global  dme  counter.  To  avoid  this  probiem,  a  numerical  floor  is  pj^ed  on  the  number 

of  particles  in  each  ceU.  If  fewer  than  tour  neuual  or  four  charged  (ion -i- double  ton) 

maLoparticles  am  present  in  a  ceU,  the  l«al  time  is  set  equal  to  the  global  time  and  the  smmtaon 
proceeds  to  the  next  cell.  This  floor  is  consistent  with  the  behavior  of  physic  systems, 
very  few  particles  are  pmsent,  no  coUisions  occur  widiin  the  ceU.  But  if  the  number  0  parttcles  m 
die  cell  increases,  colUsions  immediamly  begin  to  occur.  In  theoo-,  this  technique  wdl  cause 
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problems  if  the  number  of  particles  in  the  ceU  continaally  oscillates  around  the  Itmtting  value.  In 
pmctice,  no  problems  of  this  type  have  been  observed  in  the  plume  simulauon. 

The  need  to  keep  particles  on  approximately  the  same  timescale  limited  out  ability  to  model 
Xe-Xe  collisions  occurrins  in  experimental  vacuum  tanks.  The  neuual  density  in  a  vamtum  tank  ts 
much  higher  than  the  ion  density  in  the  plume.  As  a  result,  W„  »  W,  and  Wj  when  stmulaung 
these  laboratory  cases.  This  causes  a  timescale  conflict  between  neuffal-neutral  and  CEX 
collisions.  So,  for  computaUonal  reasons,  we  omit  Xe-Xe  from  simulations  of  laboratory  cases. 

The  physical  consequences  on  the  plume  are  negUgible.  Xe-Xe  collisions  serve  largely  to 
thermalize  the  background  neutrals,  and  these  are  already  maxwelUan  by  assumpuon.  Xe-Xe 
collisions  were  included  in  simulations  of  thrusters  operating  in  vacuum.  In  those  cases,  W„  -  Wi 
-  W2,  so  no  computational  problems  were  encountered.  As  stated  earUer,  these  coUistons  were 
included  for  completeness  and  to  allow  the  simulation  of  thrusters  with  higher  neutral  Hows.  The 
results  shown  in  Table  2.2  demonstrate  that  these  collisions  play  little  role  in  the  development  of 
Hall  Thntster  plumes,  and  simulations  conducted  with  Xe-Xe  collisions  produce  virmally  identical 

results  to  those  conducted  without  Xe-Xe  collisions. 

Coulomb  collisions  between  charged  particles  are  also  omitted  from  the  present  work  for 
computational  reasons.  Coulomb  collisions  are  extremely  difficult  to  simulate  usmg  particle 
methods  because  the  Coulomb  cross  section  is  relatively  large  and  the  collisions  dynamics  are 
dominated  by  small  angle  collisions.  Each  individual  colUsion  results  in  little  momentum  transfer, 
but  significant  momenmm  transfer  does  occur  over  the  course  of  many  collisions.  Simulating 
Coulomb  collisions  directly  would  involve  simulating  many  small  colUsions  to  determine  the  net 
momentum  transferred  to  each  macroparticle.  However,  it  is  much  more  efficient  to  simulate  a  few 
collisions  which  drastically  change  the  trajectory  of  the  colUsion  partners  than  it  is  to  simulate  many 
colUsions  which  sUghdy  change  the  trajectory  of  the  colUsion  partners,  even  if  the  net  effect  on  the 
plasma  is  the  same.  The  dUect  modeling  of  Coulomb  colUsions  is  therefore  highly  inefficient  and 
is  probably  beyond  the  capability  of  current  (1996)  computer  workstauons.  This  should  have  Unle 
effect  on  the  structure  of  the  plume  itself.  In  Table  2.2,  it  was  shown  that  the  ion-ion  mean  free 
path  is  quite  long  in  the  plumes  of  Hall  thrusters.  It  should  be  noted,  however,  that  increasing  the 
plasma  density  by  a  single  order  of  magnimde  might  result  in  an  lon-ion  mean  free  path  short 
enough  to  have  some  effect  on  the  plume  region.  The  effects  of  Coulomb  colUsions  should  be 
considered  carefuUy  before  modeling  plumes  with  higher  plasma  densities. 

Although  Coulomb  colUsions  are  not  considered  in  the  present  work,  it  is  worth  discussmg 
some  of  the  approaches  which  might  be  used  to  simulate  them  in  future  work.  Since  it  is  easier  to 
simulate  a  few  large  angle  colUsions  than  it  is  a  large  number  of  small  angle  collisions,  an 
interesting  approach  would  be  to  determine  the  average  effect  of  the  smaU  angle  coUisions  and  treat 
them  as  a  few  large  angle  colUsions  instead.  This  is  simUar  to  the  methods  used  to  simulate 
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. .  f  .1,^  n«rticles  is  unknown,  their  final 

collisions  in  conventional  DSMC.  reflects  the  average  behavior  of  the 

3,.te  is  chosen  randomly  based  on  a  dtsmbu^n  so 

particles  in  the  gas.  With  hard  sphem  coU«  ^  ^,,efore  to 

are  parUcles’  exit  angles  are  '=''orcn  ^  distribution  created  by  many 

determine  a  distribuuon  of  extt  ang  e  ^  statistical  averagmg,  perhaps 

small  angle  collisions.  This  woo  requu  jqrrations.  These  formulations  model  e 

simUar  to  that  used  to  solve  the  asov  Coulomb  collisions  appear  as  a  colhsion 

evolution  of  the  distribution  funcuon  m  p  P  ^  a  smgle 

operator  which  is  constructed  by  «g  1^  „pe„,or.  The  problem  is 

non-linear  mrm.  This  operator  ts dte  dishibuuon  funcuon. 
that  the  Fokker-Planck  operauon  ts  cons  ^  ^  ,j,,ribr.uon 

Particle  simulauons,  on  the  other  han  k  Simulating  Coulomb  collisions  may 

funcuon  plays  no  direct  role  m  any  m  iv  ,„cal  distribution  funcuon. 

involve  constructing  some  sort  “f  ,,  ^le  parUcles  in  the  cell.  In  pracUce,  this 

in  principle,  dUs  funcuon  can  be  — d„e  averaging.  FurUrer  work  is 
function  is  very  noisy  and  difficult  to  res  ^  ^  ^  ^d  computational  issues  surrounding 

dearly  needed  in  this  area  to  angle  colUsions  can  be  effectively 

dns  approach.  At  the  present  time,  H  is  not  clear 

simulated  using  particle  methods. 

3.5.2  collision  Cross  Sections  ^TtadLd  particles,  tire  dynamic  of  the  collision  are 

When  a  colhsion  takes  place  et\^e  themselves  are  not  entirely  determimsuc, 

eerysimuartothoseofrealparticles.  —  each  other  is  unknown.  This 

however,  because  the  initiai  postuon  of  the  pam  ^  and  tiie  collision 

section  discusses  the  collision  dynamics  u  3  5  ^  total  of 

cross  sections  used  in  the  selection-rejecuon  p  ^ese  colUsions  is 

five  different  types  of  colUsions  are  mo  e  e  „ 

section  2.2.2,  so  details  of  their  ongi 

h-  h  most  affects  the  strocture  of  the  plume  is  charge  exchange 

The  colhsion  process  which  most  af  ,  „.„„al  and  an  ion  exchange  an  electron 

(CEX).  Ion-neutral  charge  exchange  ^^arge  exchange  and  single  ion-double 

through  a  resonant  collision  process.  M  coUision  cross  sections  used  m 

ion  charge  exchange  can  also  occur  m  »  and  on  laboratory 
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measured  experimentally  (see  Figure  2.8)  and  has  been  calculated  by  Rapp  and  Francis  [1962]. 
They  give  the  collision  cross  section  for  resonant  charge  exchange  between  Xenon  neutral  and 
Xenon  ions  as  [Samanta  Roy  1995] 

(Tcex  =(kilnc,  -lO'^^m^  (3.5-11) 

Where  kf  =  -0.8821,  k2  =  15.1262,  and  Cr  is  in  m/s.  This  form  of  the  cross  section  is  used  in  the 
PIC-DSMC  plume  model. 

Two  other  types  of  CEX  were  considered  for  the  PIC-DSMC  plume  model.  The  Xe-Xe"*^ 
(two  electron  transfer)  and  Xe''‘-Xe++  CEX  cross  sections  have  both  been  measured  experimentally 
and  are  shown  in  Figure  3. 13  {Hasted  1964].  Xe-Xe++  are  included  in  the  plume  model.  The 
collision  cross  section  used  in  the  simulation  is  a  logarithmic  fit  to  data  shown  in  Figure  3.13.  The 
logarithmic  fit  results  in  the  following  expression. 

(Tcex  =  (3.4069X  lO"®  -  2.7038  x  10"'°  IncJ  m^ 

Figure  3.13  also  shows  the  cross  section  for  CEX  between  Xe"*"  and  Xe"^.  This  cross  section  is 
almost  an  order  of  magnitude  smaller  than  the  Xe-Xe"*^  CEX  cross  section,  so  we  choose  to 
neglect  Xe^-Xe"*^  CEX  in  the  simulation. 

The  dynamics  of  Xe-Xe'*’  and  Xe-Xe"*^  CEX  are  treated  identically  in  the  plume  simulation. 
A  physical  CEX  collision  takes  place  when  one  (or  two)  electrons  jumps  from  an  ion  to  a  neutral, 
thus  changing  the  neutral  into  an  ion  and  the  ion  into  a  neutral.  In  a  physical  collision,  the  electron 
jumps  from  one  particle  to  another.  In  a  DSMC  collision,  however,  the  position  of  the  particles 
themselves  is  irrelevant  to  the  collision  process.  It  is  therefore  just  as  valid  to  have  the  two 
partners  trade  velocities  as  it  is  to  have  them  transfer  an  electron.  From  a  computational  point  of 
view,  this  is  also  more  efficient  because  it  requires  the  transfer  of  less  information.  We  therefore 
simulate  the  dynamics  of  CEX  collisions  by  simply  switching  the  velocity  vectors  of  the  ion  and 
neutral  collision  partners  (subject  to  the  second  selection-rejection  criterion  discussed  in  section 
3.5.1). 

Ion-Neutral  Elastic  Collisions 

Xe-Xe'*'  and  Xe-Xe"*"*'  elastic  collisions  are  two  additional  types  of  collisions  included  in  the 
plume  model.  The  cross  section  for  Xe-Xe+  collisions  has  been  calculated  by  Banks  and  given  in 
section  2.2.3  as 

) 

This  cross  section  is  of  the  “Maxwellian  Collision”  type  for  which  collision  frequency  is  velocity 
independent.  Filling  in  the  polarizability  of  Xenon  and  evaluating  this  expression  in  SI  units  gives 

crE=  (8.28072  xl0-‘7c,)m' 
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Accorfing  <0  theory.  ion  mobility  is  mdependent  of  charge  state  etoic  cross 

coUision  cross  section  therefore  scales  direcUy  with  the  ton  charge,  so  the  Xe-Xe 

section  is  equal  to  twice  the  Xe-Xe+ cross  section. 

L  dLs  of  the  collision  dynamics  of  Xe-Xe^  collisions  arecomp.es.  We  have  chosm.  to 
simplify  dte  coUision  dynamics  and  oeat  them  as  dtough  Ute  parades  were  nndergomg  hard-s^em 
couLl.  Because  dte  colUsion  cross  secdon  varies  wid.  veloci^,  ^  “ 

a  varianon  of  the  Variable  Hard  Sphere  (VHS)  colUsion  method  descnbed  mB,rd  [  994,  ^  ]. 

The  result  of  a  coUision  between  two  pardcles  can  be  determined  from  then  tmttal  vel^^® 
initial  position  based  on  dte  conservation  of  energy,  conservation  of  momentum,  and  detatle 

infonnation  about  the  nature  of  the  impact  Consider  two  particles  of  mass  m,  andmjwhtcham 

a.  velocities  ct  and  c,  and  undergo  a  coUision.  The  coUUion  wiU  results  m  post.oUts.on 
velocities  of  c*  and  C2*  which  are  related  to  c,  and  C2  by  conservation  of  momentum  an 

conservation  on  energy,  i.e.  ^  ^ 

m,Cj  +  m,C;  =  niiCi  +  mnC,  =  (lUi  +  mn 

niiCi^  +  =  m,ci^  +  nijCj^ 

Where  Cm  is  the  velocity  of  the  center  of  mass  of  the  two  collision  partners,  Cm  is  a  conserved 
quantity  given  by  ,n,c,+m,c, 

m, +m2  (3.5-12) 

The  pre-coUision  velocities  can  be  expressed  in  terms  of  Cm  using  the  foUowing  expressions 
^  m,  (3.5-13) 


Cl  =  c„  + 


C2  —  Cm 


mj  -J-m, 


Cp 


m, 


m,  -I-  m2 


-Cp 


Where  Cr  is  the  relative  velocity  of  the  two  particles  and  is  given  by 

Cf=c, -Cn  (3.5-14) 

Figure  3.14  shows  the  trajectory  of  two  particles  undergoing  a  colUsion  in  the  center  of  mass 
coordinate  system.  As  shown  in  (3.5-13),  the  colUsion  is  planar  in  a  center  of  mass  frame  of 
reference.  Since  dn  is  fixed,  the  trick  is  to  figure  out  d*.  Once  that  is  known,  the  post-collision 

velocity  is  given  by 


Cl  =Cm  + 


m. 


m,  -t-  m2 


C2  =Cm-- 


m, 


-Cp 


(3.5-15) 

m,  -I-  m2 

From  energy  conservation,  die  magnitude  of  the  relative  velocity  between  the  two  particles  is 
unchanged  by  the  colUsion.  i.e. 

c;=c, 
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Therefore,  the  only  unknown  quantity  is  the  change  in  the  particle’s  direction,  or  the  angle  x  as 
shown  in  Figure  3.14.  x  can  be  determined  directly  given  the  particles’  distance  of  closest 
approach  (b)  and  a  knowledge  of  the  interaction  potential  [Bird  1994,  Ch.  2].  The  particles’  initial 
position  is  needed  to  determine  the  distance  of  closest  approach  of  the  undisturbed  trajectories  in 
center  of  mass  coordinates.  This  quantity  is  commonly  referred  to  as  the  collision  parameter.  In  a 
DSMC  collision,  the  initial  position  of  the  particles  is  considered  unknown  because  the  physical 
location  of  the  particles  in  the  simulation  has  no  bearing  on  the  physics  of  the  collision.  The  two 
trajectories  may  not  even  intersect  each  other  in  the  computational  space.  As  a  result,  the  collision 
parameter  is  also  unknown  and  must  be  chosen  randomly  based  on  a  model  of  the  collision 
dynamics.  Since  b  and  x  are  directly  related  to  each  Other ,  this  is  equivalent  to  choosing  %  based 
on  the  collision  dynamics.  For  hard  sphere  collisions  the  scattering  angle  is  isotropic,  which  is  to 
say  that  all  directions  are  equally  likely  for  Cr*.  The  procedure  for  the  variable  hard  sphere  model 
is  therefore  to  randomly  pick  a  direction  for  Cr  using  a  procedure  described  by  Bird  [1976,  pg. 
131]. 

cos0  =  l-2]3 
(t>  =  IttP 

sin  0  =  VT-cos^  (3.5-16) 


cos  6 

c,  =  c,l  sin  dcos<p 
sin0sin0 

Where  P  represents  a  randomly  chosen  number  between  [0;1].  The  collision  sequence  proceeds  as 
follows.  After  the  collision  partners  have  been  chosen,  their  relative  and  center  of  mass  velocities 
are  calculated  using  equations  (3.5-12)  and  (3.5-14).  The  new  relative  velocity  is  calculated  based 
on  two  randomly  chosen  numbers,  as  shown  in  sequence  (3.5-16).  The  post-collision  velocities 
are  then  calculated  from  equation  (3.5-15),  and  the  particle  vectors  are  modified  according  to  the 
Monte-Carlo  sequence  described  in  section  3.5.1. 


Neutral-Neutral  Elastic  Collisions 

Finally,  Xe-Xe  elastic  collisions  are  also  included  in  the  present  plume  simulation  in  cases 
where  the  background  is  a  vacuum.  The  inclusion  of  neutrals  allows  one  to  model  hypothetical 
thrusters  with  high  neutral  flow  rates.  Neutral-neutral  collisions  have  been  studied  extensively  in 
the  literature,  and  a  variety  of  different  techniques  have  been  developed  to  simulate  them 
efficiently.  These  techniques  include  the  well  known  hard  sphere,  variable  hard  sphere,  soft 
sphere,  and  variable  soft  sphere  models  [Bird,  1994,  Ch.  2].  The  variable  soft  sphere  (VSS) 
model  contains  the  most  degrees  of  freedom  and  therefore  generally  provides  the  best  fits  to 
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laboraloT  data.  We  use  a  sundanl  VSS  model  for  the  Xe-Xe  neutral  cross  section  and  coUmon 
dynamic!  In  the  VSS  model,  dte  diameter  of  the  collision  varies  with  the  parttcles  approach 

velocity  according  to  a  simple  inverse  power  law  of  the  form 

d  =d„f(Cr_re{/Ct) 

where  d„t  and  Cref  are  a  reference  diameter  and  a  reference  approach  speed  and  v  is  an 

experimentally  determined  consume  It  has  been  shown  that  dte  v  is  given  by  a  gas  s 

experimentally  measured  variation  in  the  coefficient  of  viscosity  with  tempemt^  [Bird  I  W,  Ch. 
2).  Tlte  reference  values  and  consMts  for  a  varies  of  gases  are  presented  ^). 

Based  on  measurements  of  transpon  properties  made  at  temperatures  from  300  K  -  15000  K, 
Koura  obtains  the  following  cross  section  for  Xenon  gas  (rfter  conversion  to  SI  umts) 

(TE=(2.117xlO-'*c;:°'^)m'  (3.5-1/) 

The  model  for  the  coUision  dynamics  is  simUar  to  the  hard  sphere  model  used  for  Xe-Xe+  md  Xe- 
Xe++  colUsions.  The  only  difference  is  that  the  scattering  angle  is  not  tsotropic,  but  ts  of  the  form 


where  b  is  the  coUision  parameter,  d  is  the  diameter  of  the  molecule  based  on  equauon  (35- 17), 
and  a  is  an  expenraenlally  determined  constant  based  on  the  temperature  dependence  of  the 
coefficients  of  viscosity  and  diffusion.  Values  for  a  are  also  presented  m  Koura  [1992).  When 

implemented  computationally,  the  scattering  angle  takes  the  foUowing  form 

a  =  l-lOTc!®^®"^ 

;^  =  cos-'(2)3‘'“-l)  (3-5-18) 

The  new  velocity  vectors  are  determined  using  the  equaUons  for  conservauon  of  momentum  and 
energy,  as  described  above  in  the  section  on  Ion-Neutral  Elastic  collisions. 


3.6  Surface  Interaction  Models 

The  axisymmetric  version  of  the  simulation  was  intended  to  verify  the  basic  plume  model  an 
to  simulate  very  simple  thrust  geometries.  As  a  result,  the  only  surfaces  generally  present  in  the 
simulation  are  the  surfaces  of  the  thruster  itself.  Relatively  litde  is  known  about  these  surfaces  and 
their  potential  with  respect  to  the  plume  plasma.  In  many  cases,  the  exact  composiuon  of  these 
surfaces  is  also  unreported  in  the  literamre.  Because  of  these  uncertainties,  we  chose  not  to 
implement  a  full  surface  interaction  model  in  the  axisymmetric  simulation.  Instead,  we  constructed 
two  separate  surface  models,  one  which  provides  boundary  conditions  along  the  surfaces  of  the 
thruster,  and  another  which  calculates  erosion  rates  along  a  virtual  surface  placed  at  a  constant 
distance  from  the  thruster  exit.  This  section  describes  the  surface  models  used  in  the  axisymmetnc 
simulation.  Section  3.6.1  describes  the  boundary  conditions  imposed  on  surfaces  of  the  thruster 
and  section  3.6.2  describes  the  sputter  erosion  model.  A  fully  integrated  surface-mteraction 
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package  was  also  developed  for  the  three  dimensional  plume  model.  This  surface  model  is 
described  in  detail  in  Chapter  5. 


3.6.1  Interior  Boundary  Conditions 

When  a  non-conducting  surface  is  exposed  to  a  plasma,  the  potential  of  the  surface  is 
determined  by  the  flux  of  ions  and  electrons  to  the  surface.  If  the  surface  were  sitting  at  the  plasma 


potential,  the  flux  of  electrons  and  ions  to  the  surface  would  be  given  by  equation  (3.3-3),  i.e. 


n 

4 


In  a  Xenon  plasma,  the  electron  mass  is  six  orders  of  magnitude  less  than  the  ion  mass,  so  the  flux 
of  electrons  to  the  surface  is  much  higher  than  the  flux  of  ions.  When  charged  particles  strike  a 
solid  surface,  they  are  generally  neutralized.  Electrons  striking  the  surface  are  absorbed  and  enter 
the  conduction  band.  Ions  are  neutralized  just  above  the  surface  by  electrons  emitted  from  the 
surface.  As  the  surface  collects  electrons,  it  acquires  a  negative  potential  and  begins  to  repel 
electrons  away  from  the  surface.  This  results  in  the  formation  of  a  non-neutral  sheath  with  a  width 


of  the  same  order  as  the  Debye  length  (as  shown  in  Figure  3.15).  Eventually,  the  electron  flux  just 
balances  the  ion  flux,  resulting  in  a  steady  state.  The  resulting  surface  potential  has  been  calculated 
for  a  variety  of  different  geometries.  For  a  planar  surface,  it  is  given  by  [Chen  Ch.  8] 


where  c^  is  the  electron  thermal  speed  as  given  in  (3.3-3).  Because  the  sheath  is  a  non  quasi¬ 


neutral  region,  it  can  not  be  directly  simulated  using  a  quasi-neutral  PIC  formulation.  Instead, 
analytic  boundary  conditions  must  be  imposed  at  the  sheath  boundary.  The  pre-sheath  region  can 
be  simulated  using  a  quasi-neutral  formulation.  In  this  region,  the  ions  are  accelerated  to  the  Bohm 
velocity  (roughly  equivalent  to  the  ion  sonic  velocity)  or  higher  before  they  enter  the  sheath. 
Because  the  potential  of  the  sheath  is  less  than  that  of  the  pre-sheath,  all  ions  entering  the  sheath 
end  up  being  neutralized  at  the  wall.  The  sheath  boundary  therefore  resembles  a  sink  which  ions 
enter  but  from  which  they  never  emerge  again.  Because  the  ions  are  traveling  at  sonic  velocities, 
no  information  about  the  sheath  can  travel  into  the  bulk  plasma.  In  addition,  Debye  shielding 
ensures  that  the  bulk  of  the  plasma  does  not  see  the  negative  wall  potential.  The  non  quasi-neutral 
region  is  limited  to  a  thin  region  near  the  wall  with  a  width  of  the  same  order  as  the  Debye  length. 

Based  on  these  observations,  a  simple  set  of  boundary  conditions  can  be  constructed  based 
on  the  following  assumptions 

♦  The  potential  of  the  surface  is  less  than  the  plasma  potential. 

•  The  width  of  the  sheath  is  much  less  than  the  length  scale  of  the  solid  bodies  simulated. 
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11  fr,T  surfaces.  The  second  assumption  is 

The  first  assumption  is  generally  valid  for  dielectnc  suridi^ca 

plL  shea^,  is  generally  of  same  oriar  as  .he  Debye  length  and  U  given  by  dre  Ould-Langmurr 

relationship  [Chen,  pg.  294] 

goKI 


Where  j  is  .he  ion  current  to  fte  wall  and  d  is  dre  widd,  of  d.e  shead,  mgion.  If  ions  approachmg 

the  wall  are  traveling  at  dte  Bohm  veloci^.  dm  curre^  dte  wall  ts  g.ven  by 

IkT. 

j  =  en, 


1 


m, 


Setting  these  two  expressions  equal  to  each  other  and  rearranging  gives  the  following  relationship 
for  the  width  of  the  sheath  region 

A  =  i2'"'f— l 


IkTeJ 


w  -  ^ 


So  one  can  conclude  the  following 

Where  w  is  dte  widdt  of  the  sheath  region.  Table  2.2  shows  dta.  the  Debye  length  in  dte  plume  is 
generally  of  order  I  mm.  so  meter  scale  objects  can  be  accurately  represenmd  ustng  planar  shead, 
Lory  at  all  hut  very  high  potentials.  In  dte  planar  sheath  model,  tons  enmr  the  sheath  at  some 
!eToLes  and  neveTemerge.  As  a  result,  it  ts  not  necessaty  to  dtreedy  simulate  dte  shead.  mgton. 
Instead  boundary  conditions  can  be  imposed  at  dte  sheaddpre-sheadt  boundary.  Ions  stn^g 
boundary  are  removed  from  the  simulation,  dtus  cmaung  a  sink  regton.  The  prese^e  of  the  s 
causes  the  pre-sheath  potendal  to  adjust  itself  to  fulfdl  the  Bohm  shead.  ertmnon.  The  pomnual 
dte  surface  is  not  importmat  as  long  as  d.e  surface  potential  is  less  than  d.e  pre-sheath  potent.^^ 
The  pre-sheadt  pomndal  is  «  of  d.e  same  order  as  dte  elecuon  temperamre.  whtch  m  th. 
case  is  2  Volts  It  should  be  noted  dta.  fine  feamres  such  as  solar  cell  interconneemrs  may  not 

correcdysunulamd  by  a  planar  shead,  model.  These  features  may  have  a  stgntfm^.  tmpact  on 

charge  coHecnon  and  could  cause  undesirable  effect  such  as  solar  cell  arctng  [Cho  19  ]. 

In  practice,  dte  planar  shead.  boundary  condiuon  is  imposed  by  treatmg  d.e  soltd  surfaces  as 
absorbing  boundaries  when  suuck  by  ions.  The  grid  cell  boundary  represents  d.e  sheadVpre- 
shead.  boundary  and  acts  as  a  charge  sink  The  exact  potendal  of  d,e  surfaces  ts 
Too.  calculaL  in  dte  axisymmenic  plume  model.  A  more  sophisticated  model  whtch  me  u  es  a 
crude  model  for  the  effect  of  posidve  boundary  poBntials  is  used  tn  the  duee  dtmens.onal  p  um 
model.  This  model  is  discussed  in  detail  in  Chapter  5. 
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When  neutral  molecules  strike  solid  surfaces,  they  return  to  the  gas  after  interacting  with  the 
upper  levels  of  molecules  in  the  surface.  This  results  in  some  level  of  accommodation  with  the 
surface  which  can  be  simulated  using  different  accommodation  coefficients  [Bird  1994,  pg.  118]. 

In  most  Hall  thruster  experiments,  both  the  temperature  of  the  surf^e  and  the  accommodation 
coefficients  are  unknown.  We  therefore  treat  solid  surfaces  as  reflective  surfaces  when  struck  by 
neutral  particles.  This  is  known  as  specular  reflection,  and  is  equivalent  to  assuming  an 
accommodation  coefficient  of  zero.  When  the  temperature  of  the  surface  were  known,  a  better 
hmit  to  use  would  be  full  accommodation  with  diffuse  scattering.  This  would  better  reflect  the 
transfer  of  energy  from  the  particle  to  the  molecules  on  the  solid  surface.  In  this  case,  we  have 
chosen  specular  reflection  simply  because  the  temperature  of  the  surfaces  are  not  known. 

3.6.2  Surface  Erosion  Model 

Previous  work  has  shown  that  eroded  metd  from  the  acceleration  grids  of  ion  thrusters  can 
lead  to  substantial  deposition  on  solar  cell  cover  glasses  [Samanta  Roy  1995].  The  anode  of  an 
SPT  thruster  also  undergoes  substantial  erosion  and  releases  a  ceramic  Boron  Nitride  (BN)  and/or 
its  components  (Boron  and  Nitrogen)  compound  into  the  plume  region.  These  materials  are  fairly 
inert,  and  experiments  show  no  evidence  that  it  deposits  onto  surfaces  [Randolph  1994].  Since  the 
propellant  is  also  a  noble  gas  and  is  unlikely  to  deposit  onto  surfaces,  plume  induced  deposition  is 
neglected  in  our  surface  interaction  model.  That  assumption  is  probably  not  be  valid  for  the  TAL 
thruster,  which  has  a  metal  anode.  This  assumption  may  also  be  invalid  if  the  anode  erodes  to  a 
point  where  the  metal  poles  of  the  magnets  are  exposed  to  the  plume.  Under  those  conditions, 
experiments  suggest  that  a  small  amount  of  deposition  may  occur  in  some  parts  of  the  plume 
[Pencil  1996].  Both  neutrals  and  ions  can  contribute  to  erosion  due  to  sputtering.  Calculating 
sputtering  rates  requires  a  knowledge  of  the  wall  potential,  so  these  rates  are  not  calculated  on  most 
surfaces  in  the  axisymmetric  plume  model.  Instead,  erosion  rates  are  calculated  on  a  virtual  surface 
forming  an  arc  in  front  of  the  thruster.  This  section  discusses  the  model  used  to  estimate  surface 
erosion  rates  and  the  assumptions  behind  this  model. 

Sputtering  erosion  rates  are  calculated  by  recording  the  flux  and  energy  of  macroparticles 
crossing  an  arc  at  a  fixed  distance  from  the  anode  exit.  The  surface  is  referred  to  as  a  virtual 
surface  because  the  ions  are  not  neutralized  by  the  surface,  but  continue  on  as  though  the  surface 
were  not  present.  This  causes  the  simulation  to  slightly  underestimate  the  acceleration  of  ions  in 
the  pre-sheath  and  ignores  the  effects  of  returns  neutrals  and  of  the  sputtered  atoms  themselves. 

The  presheath  potential  is  on  the  order  of  the  electron  temperature,  which  in  this  case  is  2  volts. 
This  drop  is  small  with  respect  to  the  velocity  of  the  beam  ions,  which  are  moving  at  velocities  in 
excess  of  10000  m/s.  Neglecting  this  drop  has  little  effect  on  the  final  result  After  the  run  is 
completed,  the  flux  and  energy  information  are  post-processed  to  determine  the  magnitude  of  the 
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„,rf„e  sitting  at  the  locaUon  of  the  arc.  The  magnitude 

.Head,  drop  which  would  he  ptesent  on  a 

of  this  drop  is  given  by  equauon  (3.  )•  disuibution  with  a  temperature  of  2  eV. 

determined  based  on  an  isothermal  Maxwc^  obtain  from 

Once  the  sheath  drop  has  been  c  c  .  ^  ,e„s  on 

dte  sheath  is  then  added  to  the  J^o„„,  of  material  removed  can  be  determined 

the  surface.  Once  the  impact  energy  is  ’  ^ed  energy  dependent  sputtering  coefficient, 

die  macroparticle  weight  by  an  expenmen  y  ^  experiment.  Since  Xenon  is  the 

This  coefficient  is  matenal  dependent  “  sputtering  is  considered  in  the  model, 

dominant  species  in  me  plume  region,  Xenon  m^  P  bimrconnectors. 

One  material  of  interest  to  designers  IS  SI  .  p  joms  sputtered  by  each  ion  that 

The  agreement  between  the  fit  and  the  d^  is  very  su^^^  models.  Anodiet 

die  sputtering  coefficient  in  both  the  axi  y  die 

material  of  interest  is  the  glass  use  to  ^  companies  consider  this  information 

spuiteting  coefficient  for  a  given  solar  ce  J  ^  diin  and-reflective  coaling  whose 

proprietary,  and  solar  cell  coverglas«  -  ^  d,  „  ,p„dering  coefficient  for 

sputtering  coefficient  IS  also  u  no  .  ^  1,  is  given  by  IRanduip'* '^*''1 

Mgon  on  quanz  glass  to  represent  ^  8-"^,  _o.018.5 

cn  thk  exoression  underestimates  the  actual  sputtenng 
Quartz  is  tougher  than  most  ^ses  die  dime  dimensional  plume  model.  Only  two 

coefficient  (see  Chapter  4).  This  fit  is  „rinciple,  however,  any  surface  of  known 

surfaces  are  included  in  the  „jces  for  the  sputtering  coefficient.  At  the 

sputtering  coefficient  can  be  simulated  y  sputtering 

.esenttimesnoeffortismadetoc^^^^^^ 

coefficient.  In  reality,  the  sputten  g  sputtering  coefficient  on  impact  angle, 

gives  a  generalized  picture  of  the  epen  enc  non-normal  impact  angles,  (3.6-2)  and 

effects  in  our  computational  model. 
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In  summary,  a  surface  interaction  model  has  been  developed  for  the  axisymmetric  plume 
simulation.  This  model  calculates  sputtering  rates  on  two  surfaces,  silver  and  quartz  glass,  but  can 
be  extend  to  calculate  sputtering  on  any  surface  for  which  the  energy  dependent  sputtering 
coefficient  is  known.  The  model  records  the  flux  of  ions  crossing  a  virtual  surface  and  then 
calculates  the  potential  drop  across  the  sheath  based  on  that  flux.  It  then  calculates  the  sputtering 
rate  based  on  an  energy  dependent  sputtering  coefficient 

3.7  Computational  Notes  (Memory  Management) 

For  decades,  the  preferred  computer  programming  language  for  engineers  has  been  the 
FORTRAN  77  language,  which  is  easy  to  learn  and  has,  in  the  past,  provided  superior 
performance.  The  simulation  described  in  this  document  was  written  in  C,  the  language  that  forms 
the  basis  for  UNIX  systems.  C  provides  programmers  with  more  options  than  FORTRAN  77. 

One  of  the  most  useful  options  is  the  ability  to  dynamically  allocate  and  deallocate  memory  as  it  is 
needed.  This  allows  programmers  to  use  advanced  data  structures  and  memory  storage  methods. 
This  section  discusses  the  linked  list  memory  management  scheme  used  in  the  PIC-DSMC 
simulation  and  compares  it  to  conventional  storage  schemes.  Our  experience  suggests  that  linked 
lists  are  not  a  superior  storage  scheme  because  they  add  a  high  level  of  complexity  to  the  simulation 
for  little  performance  gain. 

Conventional  PIC  simulations  store  particles  in  large  arrays  and  use  “garbage  collection” 
routines  to  repack  the  arrays  as  particles  are  removed  from  the  simulation.  This  technique  is 
shown  schematically  in  Figure  3.18.  At  the  beginning  of  the  simulation,  a  large  block  of  memory 
is  set  aside  for  particle  storage.  As  particles  are  created,  the  array  is  slowly  filled.  As  the 
simulation  runs,  particles  are  both  created  as  they  enter  the  domain  and  destroyed  as  they  exit  the 
domain.  The  destroyed  particles  create  gaps  in  the  memory  array.  These  gaps  are  marked  as 
empty  and  are  skipped  in  particle  move  and  weight  routines.  As  the  number  of  gaps  increase,  the 
memory  usage  becomes  more  inefficient  and  more  particles  are  skipped  in  each  timestep.  After  a 
number  of  iterations,  a  “garbage  collection”  routine  is  used  to  repack  the  array,  removing  the  empty 
particles  and  replacing  them  with  active  particles  from  further  down  the  list.  This  process  is 
repeated  until  the  simulation  is  complete.  The  maximum  number  of  particles  in  the  simulation  is 
fixed  by  the  size  of  the  initial  memory  block.  If  the  number  of  particles  in  the  simulation  exceeds 
the  initial  memory  allocation,  the  simulation  fails.  The  main  advantage  of  this  memory  storage 
method  is  that  it  is  relatively  simple  and  can  be  implemented  in  languages  like  FORTRAN  77  that 
do  not  allow  dynamic  memory  allocation.  The  main  disadvantages  are  that  the  amount  of  memory 
required  is  fixed  by  the  programmer  (so  the  program  must  occupy  large  areas  of  memory  even  at 
the  beginning  of  the  simulation  when  relatively  few  particles  may  be  present)  and  that  there  is 
substantial  overhead  associated  with  the  garbage  coUection  routine. 
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Our  staulauons  use  a  linked  list  dau  smtaure  in  which  particles  are  stored  in  separa^  are« 
of  memory  and  arc  linked  together  dynamically.  This  structure  is  shot™  “hematmtay  tn  tg 
3.19.  The  basic  scheme  involves  a  data  structure  for  each  pamcle  that  looks  like 


typedef  struct  _particledata{ 

float  x;  , 

float  y;  ^ 

float  vx;  ’ 

float  vy;  ^ 

float  vz;  ‘ 

char  species;  ^ 

char  label; 

char  index;  ^ 

int  i; 
int  j  ; 

struct  _particledata  *next; 
struct  _particledata  *cell_next; 
struct  _particledata  *cell_prev; 
}  particledata; 


X  position  *  f 

Y  position  */ 

X  velocity  */ 

Y  velocity  */ 

Z  velocity  */ 

Species  Identifier  */  ^  t  \ 

Particle  label  (for  visualization  only)  / 

^  Mesh  index  for  finest  species  * ! 

^  Position  within  finestmesh  */ 

/*  Pointer  to  next  element  */ 
/*  Pointer  to  next  particle  in  same  cell  V 
/*  Pointer  to  prev,  particle  in  same  cell  / 
'  /*  Particle  state  vector  */ 


Each  particle  is  stoicd  as  a  data  siructure  that  not  only  contains  its  state  vector  and  tdenttfier,  but 
also  includes  two  pointers  that  point  to  two  other  particles.  At  the  beginning  of  the  sunulatton,  the 
bst  constsu  of  a  single  parucle.  When  a  new  particle  ts  created,  memoo-  is 
particle  and  a  new  sute  vector  and  identifter  are  created.  Then,  the  parucle  ts  Unked  to  the  first 
parucle  in  the  Itst,  and  the  first  parucle  in  dte  Itst  is  linked  back  to  tbe  new  particle  (as  shown  m 
Figure  3. 19).  The  new  particle  then  becomes  the  first  particle  m  the  hst.  When  a  parade  is 
destroyed,  the  parucle  is  removed  from  the  list  and  the  panicles  in  front  of  it  and  behmd  it  are 
linked  to  each  other,  thus  restoring  the  chain  of  linked  particles  (see  Figure  3.19).  The 
representing  the  destroyed  particle  can  then  be  freed  and  removed  from  the  sunulauon.  Linked 
are  commonly  used  to  store  long  lUts  of  data  from  which  items  are  conunuously  remove  and 
added  This  makes  a  Unked  Ust  a  natural  structure  for  storing  parucles  m  a  PIC  or  DSMC 
simulauon.  One  problem  wiU,  Unked  lists  is  that  it  is  dfftcult  to  access  an  element  tn  the  mtddk  of 
the  chain  without  accessing  those  at  the  beginning  or  end  of  the  chain  first.  This  is  not  generdly  a 
problem  for  PIC  simulauons  because  particles  can  be  accessed  serially  one  after  another  m  Ae 
move  and  weighung  steps.  In  the  PIC-DSMC  model.  Ae  boundary  conditions  are  also  evaluate 
during  Ae  move  phase,  so  Acre  is  never  a  need  to  examine  particles  at  Ae  center  of  Ae  c  am. 

A  Imked  lUt  structure  has  several  advantages  for  particle-based  smmlauons.  First,  memoiy 
is  dynamically  allocated  and  freed  as  the  simulation  runs,  so  Aete  is  no  upper  limit  on  the  number 
of  particles  aUowed  (except  for  physical  RAM  and  disk  space)  and  Ae  simulation  never  occupies 
more  memory  Aan  it  actually  requires  at  any  given  point  in  nrae.  A  Unked  hst  is  also  a  very  natura 
siructure  for  Ae  particles  smee  Aey  are  generally  accessed  in  order  and  since  particles  arc 
continuously  created  and  destroyed  as  Ae  simulation  runs.  There  are  also  some  disadvantages 
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associated  with  linked  lists.  Each  particle  in  a  linked  list  actually  occupies  slightly  more  memory 
that  particles  in  a  block  array  because  two  pointers  are  required  in  addition  to  the  state  vector  and 
identifier  information.  A  linked  list  is  also  more  complex  than  a  garbage  collection  scheme,  which 
makes  it  more  difficult  to  implement  and  debug.  The  main  disadvantage  for  scientific  simulation 
has  to  do  with  workstation  performance  issues.  At  the  present  time,  the  speed  of  central 
processing  units  in  engineering  workstations  exceeds  the  speed  of  the  memory  chips  and  the  buses 
used  to  access  them.  As  a  result,  memory  access  issues  often  limit  the  computation  speed  of 
modem  workstations.  To  work  around  the  memory  access  problems,  most  modem  computers 
include  some  very  fast  “cache”  memory  which  can  be  accessed  quickly  by  the  CPU.  When  the 
CPU  requests  a  value,  the  computer  actually  downloads  a  large  section  of  memory  into  cache. 
Values  which  are  stored  near  the  initial  value  can  then  be  accessed  very  quickly,  without  going 
through  the  main  bus  into  relatively  slow  general  storage  memory.  In  a  conventional  “garbage 
collection”  scheme,  particles  are  evaluated  in  the  order  in  which  they  are  stored,  the  cache  is  used 
efficiently  when  moving  or  weighting  the  particles.  One  disadvantage  of  a  linked  list  is  that  because 
particles  are  allocated  and  freed  dynamically,  particles  which  are  located  next  to  each  other  in  the 
linked  list  are  not  necessarily  located  next  to  each  other  in  memory.  As  a  result,  there  can  be 
considerable  overhead  associated  with  trading  memory  in  and  out  of  cache  in  order  to  process  the 
next  member  in  the  list.  This  has  been  observed  to  have  a  considerable  impact  on  the  performance 
of  the  simulation. 

In  order  to  mitigate  the  effect  of  “cache  hits,”  the  memory  management  scheme  used  in  our 
model  is  a  modified  linked  list  which  initially  allocates  memory  in  blocks  large  enough  to  hold  200 
particles  each.  When  particles  are  added  to  the  simulation,  the  new  memory  is  taken  from  the  next 
free  space  in  the  block,  so  particles  which  are  adjacent  to  each  other  in  the  list  are  also  adjacent  to 
each  other  in  memory.  This  scheme  works  well  initially,  before  particles  have  been  removed  from 
the  simulation,  but  when  particles  are  removed  from  the  list,  the  “freed”  memory  is  reused  by  the 
next  new  particle.  Over  time,  the  memory  used  in  the  list  is  scrambled  by  the  creation  and 
destruction  of  particles.  Although  all  of  the  memory  in  the  list  is  stored  in  continuous  memory, 
particles  next  to  each  other  in  the  list  are  no  longer  stored  next  to  each  other  in  memory.  This 
memory  management  scheme  is  therefore  only  a  partial  solution  to  the  cache  hit  problem.  It  has 
been  observed  to  cut  execution  times  by  about  10%. 

The  routines  used  to  implement  the  modified  linked  list  are  relatively  complex.  In  addition, 
because  the  use  of  non-adjacent  memory  incurs  a  performance  penalty,  a  garbage  collection  scheme 
may  actually  provide  better  performance  for  particle  computations.  The  linked  list  is  a  natural  and 
elegant  data  structure  for  this  problem.  However,  the  complexity  of  the  scheme  and  the  lack  of  any 
noticeable  improvement  in  the  performance  of  the  simulation  lead  us  to  recommend  that  future 
implementations  continue  to  use  a  conventional  garbage  collection  scheme. 


110 


3.8  Summary 

A  particle  based  axisymmetric  simulation  of  a  Hall  Thruster  plume  has  been  constructed 
based  on  the  observation  that  the  plume  is  a  quasi-neutral,  unmagnetized  plasma  in  which  the 
electrons  are  effectively  collisionless.  PIC  methods  are  used  to  track  the  motion  of  charged 
particles  while  DSMC  methods  are  used  to  track  a  variety  of  different  collisional  phenomena 
including  charge  exchange,  ion-neutral  elastic  collisions  and  neutral-neutral  elastic  collisions.  A 
surface  interaction  model  has  also  been  developed  to  simulate  the  presence  of  Solid  surfaces  and  to 
estimate  sputter  erosions  along  an  arc  centered  on  the  thruster  exit.  The  basic  quasi-neutral 
formulation  and  thin  sheath  boundary  conditions  have  been  shown  to  be  valid  as  long  as  the  Debye 
length  is  much  less  than  the  length  scales  of  objects  in  the  plasma.  This  is  generally  the  case  in  all 
regions  directly  impacted  by  the  plume,  though  the  simulation  may  break  down  in  wake  regions  or 
in  areas  very  far  from  the  thruster  exit.  The  PIC  and  DSMC  parts  of  the  simulation  use  a  single 
embedded  grid  to  discretize  the  domain  and  resolve  areas  of  high  density.  An  empirical  model  of 
an  SPT-lOO  thruster  has  also  been  developed  and  is  used  to  simulate  the  outlet  of  a  Hall  thruster. 
The  model  is  based  on  experimental  data  and  contains  no  free  parameters,  though  the  axial  ion 
temperature  is  varied  to  match  contradictory  experimental  data.  The  result  is  a  fast  particle 
simulation  capable  of  simulating  higher  density  plumes  than  previous  possible  using  particle 
methods.  In  addition,  the  PIC-DSMC  method  is  capable  of  simulating  a  relatively  wide  range  of 
plume  conditions,  including  plasmas  where  the  neutral  and  ion  collision  frequencies  are  the  same 
order  of  magnitude  and  plasmas  in  which  neutral-neutral  collisions  play  a  significant  role.  This  is  a 
significant  advance  beyond  the  capabilities  of  previous  PIC-MCC  simulations.  The  simulation 
itself  was  written  in  ANSI  C  and  run  on  UNIX  workstations.  Execution  times  were  typically  2-5 
hours  on  a  typical  axisymmeuic  geometry.  Because  it  runs  relatively  quickly,  the  axisymmetric 
plume  model  was  used  to  verify  the  basic  PIC-DSMC  algorithm  and  the  surface  interaction  model. 
Results  from  the  axisymmetric  simulation  and  comparisons  to  experimental  data  are  presented  in 
Chapter  4. 
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Figure  3.1:  PIC-DSMC  Simulation  Algorithm 
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Figure  3.2:  Magnitude  of  Terms  in  Electron  Momentum  Equation 
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Figure  3.3:  Example  of  an  Embedded  Grid 
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Boundary 

Figure  3.7:  Particle  Striking  Reflective  Boundary 


includes  only  dark  particles 
Figure  3.8:  Planar  Cut  Through  a  Maxwellian  Gas 


10  mA/cm^ 


Figure  3.9:  Experimental  Measurement  of  Near  Field  Current  Density 

From  AbsalafJiov  [1992]  and  Gavryushin  et  al  [1981] 
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Figure  3.13:  Xenon  Double  Ion  Charge  Exchange  Cross  Sections 

(Xe^'*'-Xe  CEX  is  for  exchange  of  2  electrons) 
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Figure  3.15:  One  Dimensional  Plasma  Sheath  Structure 
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Figure  3.18:  Conventional  Memory  Storage 
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Figure  3.19:  Linked  List  Memory  Storage 


Chapter  4:  Axisymmetric  Simulation  Results 


An  axisyninietric  PIC-DSMC  model  of  an  expanding  plasma  plume  has  been  constructed  and 
used  to  simulate  the  plume  of  a  Hall  Thruster.  Simulations  have  been  earned  out  of  Hall  Thrusters 
operating  in  space  and  on  the  ground,  and  comparisons  have  been  made  between  the  results  and 
experimental  data.  Overall,  the  model  shows  good  agreement  with  the  experimental  data.  However, 
there  is  significant  disagreement  between  the  simulated  ion  distribution  and  RPA  measurements.  We 
have  also  found  some  inconsistencies  in  existing  experimental  data,  indicating  that  the  data  themselves 
may  not  be  reliable.  Where  practical,  we  have  attempted  to  compensate  for  known  errors  in  the 
experimental  data.  This  chapter  presents  various  results  produced  by  the  axisymmetric  PIC-DSMC 
plume  model.  Section  1  shows  results  from  various  computational  and  numerical  tests  which  were 
used  to  debug  the  model  and  verify  that  a  steady  state  had  been  achieved.  In  Section  2,  a  series  of 
comparisons  is  made  to  experimental  data  taken  from  the  experimental  literature.  In  Section  3,  results 
are  presented  for  an  SPT  thruster  operating  under  conditions  which  can  not  be  duplicated  in  ground 
experiments  and  some  “rules-of-thumb”  are  suggested  for  spacecraft  designers  planning  on  integrating 
Hall  thrusters  into  operational  satellites. 

4.1  Numerical  Checks 

In  principle,  the  PIC-DSMC  method  produces  a  time  accurate  plume  model.  In  practice, 
however,  the  assumption  of  quasi-neutrality  limits  the  accuracy  of  the  simulation.  When  the  thruster  is 
turned  on  at  the  beginning  of  each  simulation,  a  plasma  plume  forms  and  rapidly  expands  across  the 
computational  domain.  Theoretical  work  has  shown  that  a  non-quasi  neutral  shock  wave  forms  the 
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front  of  the  expanding  shock  wave,  leading  to  very  high  expansion  velocities  and  ion  wave  breaking 
instabilities  [Crow  .r  al.  1975, 5acit  .r  al  1975],  Since  the  PIC-DSMC  formulation  used  is  quasi- 
neutral  by  assumption,  these  shock  waves  and  transient  instabUities  are  not  accurately  captured  by  the 
simulation.  It  is  therefore  important  to  run  the  simulation  to  steady  state  before  using  the  numencal 
results  At  least  two  different  parameters  can  be  used  to  determine  if  a  simulation  has  reached  steady 
state  One  commonly  used  measure  is  the  total  number  of  particles  in  the  simulation.  Hie  total  number 
of  particles  in  the  simulation  becomes  constant  when  the  particle  flux  from  the  thruster  equals  the 
number  of  particles  lost  to  interior  and  exterior  surfaces.  Figure  4.1  shows  the  total  number  of 

particles  in  a  typical  simulation  changes  with  time.  The  timestep  is  0.2  normalized  umts.  This 

timestep  is  small  enough  to  ensure  that  the  vast  majority  of  the  ions  in  the  simulation  move  no  more 
than  one  grid  cell  during  each  simulated  timestep.  Figure  4.1  shows  that  the  number  of  particles  in  the 
simulation  increases  rapidly  at  first,  but  reaches  a  steady  state  after  approximately  2000  iterations.  A 
noticeable  amount  of  numerical  variation  is  present,  but  the  total  number  of  particles  vanes  relatively 
litUe  after  that  point.  Runs  on  the  same  computational  domain  produce  a  very  similar  time  history. 
Figure  4.1  shows  that  about  2500  iterations  are  sufficient  to  assure  that  a  steady  state  has  been 
reached.  Unless  otherwise  stated,  the  results  presented  in  this  chapter  are  produced  using  2500 

iterations  with  a  timestep  of  0.2  normalized  units. 

An  important  quantity  often  used  to  check  PIC  simulations  is  the  total  energy  of  the  particles  in 
the  simulation.  This  quantity  is  given  by  the  sum  of  the  kinetic  and  electrostatic  potential  energy  of  all 
of  the  particles  in  the  simulation,  i.e. 

0 

Energy  conservation  is  monitored  like  mass  conservation  in  computational  fluid  dynamics  codes.  In 
steady  state,  the  total  energy  in  the  simulation  must  be  constant.  Figure  4.2  shows  the  total  energy 
from  a  typical  run  of  the  PIC-DSMC  plume  model.  The  total  energy  in  the  simulation  becomes 
constant  (except  for  numerical  noise)  after  about  500  iterations.  This  confirms  that  the  PIC-DSMC 
model  conserves  energy  macroscopically  even  though  DSMC  collisions  do  not  necessarily  conserve 
energy  at  a  microscopic  level.  It  also  shows  that  the  number  of  particles  in  the  simulation  is  a  more 
sensitive  measure  of  steady  state  than  the  total  energy  in  the  simulation.  This  is  to  be  expected  smce 
the  beam  ions  carry  the  vast  majority  of  the  kinetic  energy  in  the  simulation.  The  fast  moving  beam 
ions  reach  steady  state  relatively  quickly  while  the  slower  moving  CEX  ions  take  long  time  to  traverse 
the  domain  and  reach  their  steady  state  configuration.  The  CEX  ions  carry  much  less  kinetic  energy 
than  the  beam  ions,  so  the  total  energy  in  the  simulation  is  relatively  insensitive  to  the  state  of  the  CEX 
ions.  The  total  number  of  particles  is  more  sensitive  to  the  CEX  ions  and  is  therefore  a  better  measure 
of  the  state  of  the  simulation. 
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Another  important  factor  is  the  sensitivity  of  the  simulation  to  the  number  of  particles  in  it 
Ideally,  as  the  number  of  particles  in  the  simulation  increases  or  decreases,  the  mean  state  of  the  gas 
(its  density,  pressure,  etc.)  should  be  unaffected.  It  is  important,  however,  to  estabUsh  that  enough 
particles  are  present  in  the  simulation  to  reach  an  accurate  steady  state  value.  Figure  4.3  shows  the 
measured  ion  current  density  through  an  arc  60  cm  from  the  thruster  exit  produced  using  three  different 
particle  weighting  values.  The  results  show  clearly  that  the  number  of  particles  in  the  simulation  has 
no  effect  on  the  final  steady  state  results,  even  when  the  number  of  particles  is  varied  by  a  factor  of 
four.  The  results  in  this  chapter  were  made  using  the  weighting  functions  corresponding  to  the 
smallest  of  the  runs  shown  in  Figure  4.3.  Typically,  a  total  of  about  100,000  to  2(X),000  particles  are 
present  on  the  domain  when  the  simulation  reaches  steady  state.  This  number  of  particles  was  chosen 
because  it  ensures  that  about  20  particles  per  cell  are  present  along  the  domain  centerline.  Since  the 
number  of  particles  in  each  cell  scales  with  the  radius  squared  (at  constant  density),  in  general,  many 
more  particles  are  present  in  cells  at  the  outside  edges  of  the  domain. 

The  test  typically  used  to  confirm  the  accuracy  of  DSMC  models  is  to  simulate  a  shock  wave  and 
look  at  the  width  of  the  shock  in  units  of  mean  free  path.  CEX  collisions,  however,  do  not  produce 
shock  waves.  The  collision  dynamics  are  relatively  simple,  so  the  primary  issue  with  the  DSMC 
model  is  whether  it  properly  simulates  multi-species  collision  frequencies.  To  confirm  the  accuracy  of 
the  multi-species  DSMC  formulation,  comparisons  were  made  between  a  specially  modified  version  of 
the  simulation  and  a  collimated  beam  of  neutral  panicles  entering  a  uniform  background  gas.  When  a 
collimated  beam  enters  a  gas  of  uniform  density,  the  fraction  of  the  particles  which  will  travel  a 
distance  L  without  undergoing  a  collision  is  given  by 

P(L)  =  exp[-^^J  (4.1-1) 

If  one  ignores  particles  after  they  have  undergone  a  single  collision,  expression  (4.1-1)  gives  the 
expected  change  in  the  beam’s  density  as  a  function  of  distance.  Expression  (4.1-1)  is  also  species 
independent,  so  the  collision  rate  for  each  species  should  be  independent  of  any  other  collisions 
occurring  in  the  gas.  Figure  4.4  shows  the  results  of  a  collimated  beam  test  conducted  with  two 
species.  The  PIC  portion  of  the  simulation  is  not  in  use  because  charged  particles  cause  the  beam  to 
spread,  thus  violating  the  collimated  beam  assumption.  The  points  show  theoretical  results  based  on 
expression  (4.1-1)  and  the  solid  lines  show  results  from  the  simulation.  The  results  for  species  2  are 
noisier  than  the  results  for  species  1  because  they  are  based  on  fewer  particles,  but  otherwise  the 
results  show  excellent  agreement  with  theory.  These  results  show  that  the  DSMC  model  described  in 
Chapter  3  correctly  models  the  collision  rate  for  multiple  species  undergoing  collisions  in  a  mixed 
environment. 

Time  averaging  has  been  used  to  reduce  the  noise  level  in  many  of  the  computational  results 
presented  in  this  chapter.  Instead  of  presenting  the  instantaneous  ion  density,  for  instance,  we  use  the 
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average  ion  density  fron.  eve^  odter  umestep  as  ubulaied  over  dte  last  500  un.es.eps  (a  UiUl  of  250 
sample  points).  In  steady  state,  the  ergodic  principle  ensures  Utat  the  density  obtatned  by  tmte 
aZ"g  wm  match  Ute  density  which  would  have  been  obutined  by  an  ensemble  average  at  dte  same 
point  in  space.  Figures  4.5  and  4.6  show  Ume  averaged  and  non-Ume  averaged  conutur  plots  of  the 
L  densio-.  The  use  of  time  averaging  produces  a  plot  wiU.  less  noise  wiUtout  affecung  the  ove.^ 
steady  smte  values.  An  altemaUve  to  dte  use  of  time  averaging  is  the  use  of  add.ttonal  pamcl«.  ul 
both  the  compuudon  Ume  and  memoty  mquired  by  dm  simulaUon  scale 
parUcles  in  dte  simulation.  An  upper  limit  is  defined  by  dividing  the  amount  of  RAM 

memoty  taken  up  by  each  particle.  In  our  implemenutUon^dus  is  64  b^s. 

Megabytes  of  RAM,  dte  absolute  upper  Umi.  on  dtul  number  of  particles  m  2.mm.  The  ^tital 
number  of  parUcles  will  be  much  less  due  to  system  overhead  and  the  memoty  for  the  gnd.  o 
improve  compuuttion  Ume,  we  vpically  use  about  200,000  particles  in  our  simulation. 

Finally  one  numerical  issue  which  needs  to  be  addressed  is  that  of  uniqueness.  Smeethe 

system  we  are  modelutg  is  non-Unear,  it  may  (in  principle)  be  possible  to  produce  more  than  one 
solution  dta.  a  given  set  of  boundary  conditions.  Our  model  is  not  stiiedy  Ume  accurate  because  tt 
does  no.  include  non-quasi-neutral  phenomena.  I.  is  dterefore  possible  dta.  the  smady  sutm  solutions 
produced  by  dte  model  might  correspond  to  non-physical  solutions  to  the  plume  inmraction  problem. 
For  example,  the  plumes  of  plasma  eontactors  have  been  shown  to  conmm  non-quast-neuual  double 
layers  which  act  as  interfaces  beween  dte  main  plume  and  dte  ambient  plasma.  These  regtons  would 
not  appear  in  our  models  because  the  plume  is  quasi-neutral  by  assumption.  Nevertheless,  the 
solutions  produced  by  the  model  may  appear  self-consistent  and  may  mamh  the  boundary  conditions 
imposed  on  die  problem;  It  is  not  clear  how  one  would  rigorously  demonstiaK  that  our  solutions  are 
physical  and/or  unique.  We  note  dtat  experimenters  have  no.  observed  the  presence  of  shocks,  double 
layers,  or  other  phenomena  typically  associated  with  the  presence  of  a  bifurcation  m  the  solution. 
addiUOT  we  have  made  a  thorough  set  of  comparisons  to  experimental  data  to  confirm  the  haste 
accuracy  of  our  result  and  show  dta.  dtey  produce  die  right  qualtative  and  quanttuttive  behavior.  1. 
therefore  seems  unlikely  that  the  simulation  could  produce  non-physical  solutions  to  the  plume 
inmracUon  problem.  We  acknowledge,  however,  dtat  uniqueness  has  not  been  rigorously  shown  and 


will  not  be  further  addressed  in  this  work. 

In  addition  to  the  various  tests  cited  above,  there  are  several  further  efforts  which  could  be  made 
to  verify  the  quasi-neutral  PIC-DSMC  method  against  theory.  A  supercomputer,  for  instance,  could 
be  used  to  run  non-quasi-neutral  PIC-DSMC  simulations.  These  results  could  be  compared  to  results 
from  the  quasi-neutral  PIC-DSMC  simulation  to  see  if  the  analytical  source  model  correctly  calculates 
sheath  potentials  and  to  confirm  that  non  quasi-neuttal  effects  in  wake  regions  have  no  effect  on  the 
overall  structure  of  the  plume.  An  additional  verification  test  which  has  yet  been  conducted  is  to 
compare  simulated  results  with  a  known  theoretical  test  case.  We  have  been  unable  to  construct  a  test 
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case  which  fits  the  assumptions  of  the  simulation  and  has  a  known  analytic  solution.  It  would, 
however,  be  useful  to  define  such  a  case  and  further  verify  the  quasi-neutral  PIC-DSMC  model. 

4.2  Comparisons  to  Experimental  Data 

While  numerical  tests  help  check  the  internal  consistency  of  a  simulation,  an  experimental 
comparison  is  required  to  verify  that  a  computer  model  accurately  represents  reality.  Fortunately,  a 
variety  of  experimental  efforts  have  been  undertaken  to  study  the  plumes  of  SPT  thrusters.  The 
axisymmetric  PIC-DSMC  plume  model  was  partially  verified  against  experimental  data  taken  from  the 
literature.  One  issue  with  the  literature  data  is  the  lack  of  error  bars,  which  makes  comparisons 
difficult.  Additional  data  were  provided  specifically  for  this  work  by  the  researchers  at  the  University 
of  Michigan.  Comparisons  were  made  to  verify  the  computational  simulation,  examine  the  system’s 
sensitivity  to  axial  ion  tempierature,  and  to  develop  an  understanding  of  the  influence  that  the 
background  neutrals  present  in  vacuum  tanks  have  on  experimental  results.  A  single  computational 
domain  was  used  for  all  of  the  axisymmetric  simulations  and  is  shown  in  Figure  4.7.  The  domain  has 
dimensions  of  1.4  m  x  1.1  m  and  represents  an  SPT- 100  thruster  operating  in  the  presence  of  a 
background  neutral  gas.  The  presence  of  background  gas  was  simulated  by  creating  a  neutral  Xenon 
background  of  particles  at  a  uniform  density  in  a  Maxwellian  distribution  and  by  including  thermal  Xe 
fluxes  along  exterior  boundaries  (as  discussed  in  section  3.7).  This  section  presents  several 
comparisons  between  data  and  the  simulation  and  discusses  their  various  implications.  Section  4.2.1 
describes  simulations  of  the  SPT  thruster  operating  with  different  axial  ion  temperatures  used  in  the 
source  model.  Sections  4.2.2-4.2.4  provide  further  comparisons  between  experimental  data  and 
results  from  the  simulation. 

4.2.1  Sensitivity  to  Axial  Ion  Temperature 

As  discussed  in  section  1.1.3,  laser  induced  fluorescence  measurements  by  Manzella  indicate  that 
the  temperatures  of  ions  in  the  plume  in  the  axial  direction  is  approximately  3.4  eV.  This  value  appears 
at  first  glance  to  contradict  the  RPA  measurements  of  the  ion  velocity  distribution  shown  in  Figure  2.2 
and  in  Figures  4.27-4.29.  As  will  be  discussed  in  section  4.2.4,  however,  the  RPA  measurements  are 
actually  consistent  with  the  LIF  measurements.  However,  the  apparent  contradiction  led  us  to  examine 
the  sensitivity  of  the  overall  simulation  to  the  axial  ion  temperature  used  in  the  source  model.  The  axial 
ion  temperature  was  varied  parametrically  in  a  series  of  simulations  of  the  SPT- 100  thruster.  Runs 
were  conducted  simulating  an  SPT- 100  operating  at  a  background  pressure  of  2.2  x  10'^  Torr.  The 
axial  ion  temperature  was  set  equal  to  three  different  values  in  these  simulations:  3.4  eV,  15  eV,  and  34 
eV.  Figure  4.8  shows  simulated  results  with  an  axial  temperature  of  3.4  eV  and  Figure  4.9  shows 
simulated  results  with  a  temperature  of  34  eV.  Figures  4.8  and  4.9  are  both  contour  plots  of  the 
potential  overlaid  with  vectors  showing  ion  current  direction  and  magnitude.  Larger  vectors 
correspond  to  higher  current  magnitudes.  In  both  cases,  the  primary  beam  is  visible  as  a  region  of 


128 


high  potential  near  the  centerline  and  backflow  current  is  clearly  visible  to  the  sides  and  rear  of  the 
thruster.  However,  in  Figure  4.8,  a  bump  is  visible  in  the  potential  contours  to  the  front  and  side  of 
the  thruster.  This  bump  is  caused  by  CEX  ions  and  has  been  observed  experimentally  in  the  plumes  of 
ion  thrusters  {Kaufman  1975  as  discussed  in  Samanta  Roy  1995].  In  Figure  4.9,  however,  no  such 
bump  is  visible.  These  results  indicate  that  some  aspects  of  the  plume’s  structure  are  very  sensitive  to 
the  axial  ion  temperature.  But  since  experimenters  have  not  yet  measured  the  potential  throughout  the 
plume  region,  it  is  not  clear  from  these  figures  which  ion  temperature  gives  the  correct  plume  structure. 

One  quantity  which  has  been  well  documented  by  experimentalists  is  the  ion  current  density. 

Figure  4. 10  compares  an  experimental  measurement  of  the  ion  current  density  at  a  pressure  of 
2.2  x  10-6  Ton-  to  a  simulation  made  with  an  axial  ion  temperature  of  3.4  eV  at  a  background  pressure 
of  2.2  X  10-6  Torr.  This  temperature  matches  LIF  measurements  made  by  Manzella  [1994].  The 
current  flow  to  the  thruster  has  been  enhanced  to  account  for  current  from  the  ambient  plasma,  as 
discussed  in  section  4.2.2  below.  The  potential  bump  present  Figure  4.8  is  visible  in  the  simulated 
results  shown  in  Figure  4. 10  as  a  bump  in  the  ion  current  measurements.  This  bump  is  clearly 
missing  from  the  experimental  data.  Otherwise,  the  two  sets  of  results  agree  fairly  well,  to  within 
about  a  factor  of  2-3  across  most  of  the  measured  range.  Figure  4. 1 1  compares  the  results  of 
simulauons  taken  at  three  different  axial  ion  temperatures  with  experimental  measurements  taken  at  a 
pressure  of  5.6  x  10-6  Torr.  Again,  a  wing  structure  is  clearly  visible  in  the  simulated  results  when  the 
axial  ion  temperature  is  3.4  eV.  However,  as  the  axial  ion  temperature  rises,  the  bump  disappears  and 
the  simulation  shows  marginally  better  agreement  with  the  experimental  data.  From  Figure  4. 1 1 ,  it  is 
clear  that  higher  axial  ion  temperatures  improve  the  match  between  the  simulation  and  the  experimental 
measurements.  The  reason  for  this  interaction  is  not  immediately  obvious  and  merits  some  discussion. 

The  presence  of  the  wing  structure  in  Figures  4.8  and  4.10  is  related  to  the  turning  radius  of  ions 
leaving  the  acceleration  channel.  As  the  plume  expands,  the  density  gradient  at  the  edge  of  the  plume 
creates  an  electric  field  that  mms  ions  away  from  the  centerline  at  a  rate  which  is  related  to  their  initial 
velocity.  This  gradient  is  clearly  visible  in  Figures  4.8  and  4.9  as  tightly  grouped  potential  contours 
located  to  the  side  and  front  of  the  thruster.  Ions  with  relatively  high  velocities  have  large  turning  radu 
and  tend  to  follow  straight  trajectories,  while  ions  with  low  velocities  have  small  turning  radii  and  are 
quickly  turned  towards  the  edge  of  the  plume.  This  effect  can  be  see  clearly  in  Figures  4.12  and  4.13. 
Figure  4.12  shows  the  trajectory  of  beam  ions  in  the  plume  region.  These  ions  are  clustered  along  the 
centerline  and  follow  relatively  straight  trajectories.  Figure  4.13  shows  the  trajectories  of  CEX  ions  m 
the  plume  region.  Unlike  the  beam  ions,  the  CEX  ions  tend  to  follow  curved  trajectories  and  are 
pushed  to  the  side  and  rear  of  the  thrusters.  These  ions  form  the  potential  wing  visible  in  Figure  4.8. 

As  was  noted  above,  the  presence  of  wings  is  sometimes  seen  experimentally  with  ion  thrusters. 
In  this  case,  the  ions  in  the  main  beam  have  a  low  axial  temperature  and  are  moving  in  a  small  range  of 
velocities  which  is  much  faster  than  ions  created  by  CEX.  As  a  result,  the  CEX  ions  exit  to  the  sides 


129 


of  the  plume  and  form  a  “wing”  like  structure  simUar  to  that  shown  in  Figure  4.8.  In  a  Hall  thruster, 
the  beam  as  a  whole  is  also  moving  much  faster  than  the  CEX  ions.  But  because  the  axial  ion 
temperature  is  relatively  high,  the  beam  ions  span  a  wide  range  of  velocities.  As  a  result,  different 
parts  of  the  beam  turn  at  different  rates,  producing  a  much  less  defined  beam  boundary.  The  slower 
ions  at  the  edge  of  the  beam  end  up  merging  with  the  CEX  ion  wings  to  create  a  relatively  smooth 
density  variation.  As  a  result,  the  potential  “bump”  seen  in  Figure  4.8  disappears  when  the  axial  ion 
temperature  rises,  as  shown  in  Figure  4.9  Tht  presence  of  wings  is  therefore  highly  dependent  on  the 
axial  ion  temperature.  If  the  ion  temperature  is  low,  the  beam  is  relatively  tight,  and  the  CEX  wings 
are  clearly  visible.  If  the  ion  temperature  is  high,  the  beam  is  relatively  diffuse,  and  the  CEX  wings 
are  absorbed  into  the  diffuse  beam  structure. 

Figure  4.11  shows  that  the  higher  ion  temperamres  show  better  qualitative  agreement  with 
experimental  data.  We  therefore  used  34  eV  as  the  axial  ion  temperature  in  our  SPT-100  plasma 
source  model.  This  value  is  used  for  all  axisymmetric  and  three  dimension  results  presented  in  the  rest 
of  this  document  unless  otherwise  stated. 

There  are  several  conclusions  which  can  be  drawn  from  this  discussion.  First,  we  conclude  that 
the  relatively  tight  plumes  associated  with  ion  thrusters  are  a  function  of  their  relatively  low  axial  ion 
temperature.  Second,  we  conclude  that  higher  axial  ion  temperatures  tend  to  lead  to  spreading  of  the 
ion  beam.  Third,  we  conclude  that  some  problems  must  still  exist  in  our  beam  ion  source  model. 
Although  we  can  duplicate  the  measured  ion  current  distribution,  we  require  the  use  of  a  higher  ion 
temperature  than  is  actually  present  in  the  thruster.  This  high  temperature  is  not  physically  accurate,  so 
we  fail  to  duplicate  the  detailed  ion  velocity  distribution.  This  point  will  be  discussed  further  in  the 
section  comparing  the  model  to  RPA  measurements  (Section  4.2.4). 

4.2.2  Ion  Current  Density 

In  order  to  verify  the  axisymmetric  plume  model,  a  series  of  comparisons  were  made  to 
experimental  work  by  Manzello  [1995].  Manzella  used  circular  molybdenum  probes  to  measure  the 
ion  current  density  in  an  arc  60  cm.  from  the  exit  of  an  SPT-100  thruster.  His  measurements  span  a 
range  of  200  degrees  and  include  measurements  taken  in  the  thruster’s  backflow  current  region.  The 
tests  were  designed  to  characterize  the  plume  and  measure  the  test  facility  s  influence  on  the  thruster. 
In  one  set  of  tests,  Manzella  varied  the  facility’s  background  pressure  by  over  an  order  of  magnitude 
while  measuring  the  ion  current  density  profile.  These  tests  provide  ideal  data  for  verifying  the  PIC- 
DSMC  method.  Since  the  ion  collision  frequency  varies  with  the  background  pressure,  data  collected 
across  a  range  of  background  pressures  helps  verify  both  the  PIC  and  DSMC  sides  of  the  simulation. 

A  series  of  simulations  were  run  to  examine  the  effect  that  the  background  pressure  present  in 
ground  test  facilities  has  on  the  structure  of  the  SPT-100  plume.  Four  different  ambient  pressures 
were  simulated,  each  corresponding  to  an  experimental  result  reported  by  Manzella  [1995].  These 
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,  „m3rizedmFigure4.14.  The  presence  of  background  gas  wassimubted  by  adding 

the  ideal  gas  law,  as  shown  in  Table  4.1. 


1  Pr..«,.re  Number  DensUy^. 

2.2  X  10-6  Torr 

5.6  X  10-6  Torr 

2.5  X  10-5  Torr 

6.3  X  10-5  Torr 

7.085  X  10^6  ni-3 

1.803  X  lOl"^  m-3 
8.050  X  1017  ni*3 
2.029  X  lOl^  m-3 

Table  4.1:  Simulated  rressures  a- - 

An  anode  propehanr  flow  rare  of  4.99  mg,/sec.  and  a  cadrode  flow  rare  of  0.38  mg./sec.  we«  us^  » 
L  shnuLons.  mis  is  consisbn.  wid.  flow  rates  used  by  Manzella  in  Ms  expennaen..  The 
current  density  was  nteasured  by  counting  the  number  of  ions  crossing  a  virtual  surface  pteed  m 
arc  60  cm.  from  the  anode  exit.  A  set  of  simulated  results  is  presenBd  m  Figures  '>  >5  J 

with  comparisons  to  experimental  data,  me  plots  correspond  to  ambient  pressures  of  2.5 
loo  /,0-6  Torr  respectively.  Manzella’s  data  has  been  shifted  to  die  left  by  three  degrees  tn  ruder 
CunTup  !he  peaks  of  die  ion  current  density  plots.  Although  the  same  basic  uend  are  present  tn  bodt 
sets  of  dau.  there  are  notable  differences  in  the  magnitude  of  the  twor^ul.^  me 
consistently  underpredict  the  current  density  at  most  pressures  and  angles.  As  a  resu  t,  the 
Zlus  Ich  huger  in  the  expetimenMl  case  than  it  ts  in  the  simuladon.  mis  resu  is  ts  s„ 
since  the  toul  propeUant  flow  is  the  same  in  both  cases,  me  total  beam  current  can  be  cMctdated 
numerically  by  integrating  the  data  presented  in  Figure  4. 14.  me  results  are  shown  in  Table  4.1  m 
thruster's  discharge  current  is  an  upper  bound  on  the  amount  of  cuirent  which  can  be  came  y  e  to 
beam,  me  beam  current  will  actually  be  less  than  the  discharge  current  because  some  elecuons  will 


insieau  Ui  licuu 

Pressure  (Torr) 

Integrated  Current 
(A) 

Compensation 

Fraction 

2.2  X  10-6 

4.69 

1.124 

5.6  X  10-6 

5.26 

1.260 

2.5  X  10-5 

5.97 

1.431 

6.3  X  10-5 

6.15 

1.474 

Discharge  Current 

~4.5 

N/A 

Table  4.2:  Experimentally  Measured  Beam  Current  vs.  Pressure 
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Table  4.2  shows  that  the  experimentally  measured  beam  current  consistently  exceeds  the 
discharge  current  by  between  4%  and  35%.  This  is  physically  impossible  and  indicates  that  some 
error  is  present  in  the  experimental  data  The  amount  by  which  the  beam  current  exceeds  the  discharge 
current  varies  with  pressure,  suggesting  that  some  interaction  is  occurring  between  the  thruster  and  the 
ambient  background  in  the  tank.  Tlie  excess  current  has  been  observed  by  Russian  researchers  and  is 
thought  to  be  due  to  the  formation  of  a  background  plasma  (rather  than  neutral)  gas  in  the  vacuum 
tank.  The  background  plasma  adds  a  thermal  contribution  to  the  measurements  of  the  ion  current  and 
can  also  recirculate  within  the  tank,  creating  additional  external  current  flow. 

Unfortunately,  no  measurements  have  been  taken  of  the  background  plasma  in  ground 
experiments  and  its  contribution  to  measured  ion  currents.  We  therefore  compensate  for  the  extra 
current  flow  numerically  by  adding  an  additional  propellant  to  the  flow  going  through  our  numencal 
thruster.  This  magnimde  of  the  compensation  flow  was  determined  using  the  followmg  procedure. 

The  nominal  current  flow  through  the  anode  is  given  by 

ntxE 

Where  lii  is  the  total  mass  flow  through  the  anode,  r\\  is  the  overall  ionization  fraction,  and  ti++  is  the 
fraction  of  the  plasma  which  consists  of  double  ions.  Based  on  experimental  measurements,  our  SPT- 
100  source  model  uses  a  total  ionization  fraction  is  0.95  and  a  double  ion  fraction  of  0.2  (as  discussed 
in  section  3.3.3).  At  an  anode  propellant  flow  rate  of  4.99  mg./sec.,  the  beam  current  is  therefore 
4.173  Amps.  The  magnimde  of  the  compensation  flow  was  determined  by  multiplying  the  nominal 
propellant  flow  by  the  following  fraction 

f  = 

Ib  (4.2-1) 

Where  Im  is  the  actual  measured  current  flow  as  shown  in  Table  4.2.  The  resulting  current 
compensation  fractions  are  also  shown  in  the  third  column  of  Table  4.2. 

When  this  compensating  propellant  flow  is  included  in  the  simulation,  the  results  compare 
somewhat  more  favorably  to  the  experimental  data.  Figure  4.17  shows  the  simulated  ion  current 
density  as  measured  at  four  different  ambient  pressures  in  an  arc  60  cm  from  the  thruster  exit.  For 
comparison,  experimental  measurements  by  Manzella  are  shown  in  figure  4.14.  Figures  4.18-4.22 
show  individual  comparisons  between  the  simulated  and  experimental  results  at  each  of  the  four 
pressures  measured  in  the  experiment.  The  simulated  results  show  fair  agreement  with  experimental 
data,  and  the  same  shapes  and  trends  are  present  in  both  sets  of  results.  In  addition,  the  results  agree  a 
Uttle  better  numerically  and  are  within  a  factor  of  2  to  3  across  most  of  the  domain,  with  larger 
disagreement  at  very  high  and  very  low  angles.  The  error  on  the  ion  current  measurements  is 
unknown,  but  measurements  of  this  type  are  typically  accurate  to  within  about  50%  [Gallimore, 
Personal  Communication,  1996].  In  view  of  the  uncertainty,  it  can  be  said  that  the  PIC-DSMC  model 
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agrees  well  with  experimental  data,  even  as  the  ambient  pressure  is  varied  by  an  order  of  magnitude. 

The  simulated  results  do  tend  to  overpredict  the  current  along  the  centerline  and  underpredict  it  at  high 
angles.  The  overprediction  along  the  centerline  may  be  a  result  of  numerical  artifacts  along  the 
centerline,  inaccuracies  in  the  source  model,  or  saturation  of  the  ion  current  probe  during  the 
experiments.  Numerical  artifacts  come  about  because  the  current  density  is  determined  by  dividing  a 
numerically  measured  flux  of  particles  by  the  sample  area.  In  an  axisyrametric  geometry,  both  the 
number  of  particles  and  the  sample  area  scale  as  l/r^.  Therefore,  near  the  centerline,  a  small  number  of 
particles  is  divided  by  a  very  small  area  to  produce  the  measured  current  densities.  This  procedure  is 
obviously  sensitive  to  small  sampling  errors  and  can  produce  numerical  artifacts.  The  underprediction 
at  high  angles  may  be  a  result  of  errors  in  measured  CEX  cross  sections  or  inaccuracies  in  the  source 
model.  The  estimated  error  in  the  CEX  cross  sections  used  in  our  simulation  is  20%  [Hasted  1964]. 
We  note  also  that  there  is  a  great  deal  of  uncertainty  in  the  experimental  measurements.  The  pressure 
measurements  in  particular  are  thought  to  be  accurate  to  within  only  half  a  decade  [Manzella,  Personal 
Communications,  1996].  If  the  pressure  reported  is  consistently  lower  than  the  actual  pressure  in  the 
tank,  ifor  instance,  the  simulation  would  consistently  underpredict  the  backflow  current  at  the  edges  of 
the  plume.  In  view  of  the  experimental  uncertainty,  we  believe  that  the  experimental  comparison  to 
Manzella’s  data  partially  verifies  the  accuracy  of  the  axisymmetric  PIC-DSMC  formulation. 

To  further  verify  the  PIC-DSMC  plume  model,  additional  comparisons  were  made  to  ion  current 
data  provided  by  Colleen  Marrese  and  Alec  Galhmore  at  the  University  of  Michigan.  Marrese  and 
Gallimore  used  a  Faraday  Probe  to  measure  the  ion  current  density  along  an  arc  50  cm.  from  the  exit  of 
an  SPT-100  thruster.  The  measured  pressure  in  the  tank  was  5.2  x  10*5  Torr.  The  measured  ion 
current  was  integrated  to  determine  the  total  beam  current  measured  in  the  experiment.  The  result  is 
3.55  Amps,  or  0.62  Amps  less  than  the  beam  current  given  by  equation  (4.2-1),  so  no  compensation 
currents  are  necessary.  Otherwise,  simulations  were  conducted  using  the  same  techniques  described 
earlier  in  this  section.  Figure  4.22  shows  the  ion  current  density  measurements  made  at  the  University 
of  Michigan  and  the  results  of  our  simulation.  The  error  bars  on  the  results  are  again  probably  about 
50%.  The  results  show  excellent  agreement.  The  simulated  resulting  are  easily  within  50%  of  the 
experimental  results  across  all  of  the  domain  except  for  a  small  region  near  the  centerline.  The 
disagreement  at  the  centerline  could  be  due  to  problems  with  the  source  model  or  due  to  numerical 
artifacts  (as  discussed  in  the  comparison  to  Manzella’s  data  above).  Overall,  however,  these  results 
serve  to  partially  verify  the  PIC-DSMC  plume  model. 

4.2.3  Erosion  Rates 

The  results  presented  in  section  4.2.2  serve  to  partially  verify  the  overall  plume  model,  they  do 
not  verify  the  techniques  used  to  model  surface  interaction  and  sputtering  effects.  These  models  were 
verified  independently  using  experimental  results  from  Randolph  et  a/.  [1994].  Randolph  and  Pencil 
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placed  samples  of  sUver  foU,  solar  cell  interconnectors,  and  solar  cell  coverglasses  in  a  vacuum  tank 
and  exposed  them  to  the  SPT-100  plume  for  a  period  of  200  hours.  The  samples  were  placed  on 
wimess  plates  which  were  mounted  in  an  arc  at  a  distance  of  1  m  from  the  anode  exit  The  plates  faced 
towards  the  thruster  to  the  samples  and  were  normal  to  the  expected  flow.  These  tests  were  conducted 
at  a  pressure  of  3  x  10*5  Torr  and  coUimators  were  used  to  limit  the  samples’  field  of  view.  The 
collimators  served  to  shield  the  samples  from  contamination  from  the  walls  of  the  tank  itself.  Figure 
4.23  shows  simulated  results  for  the  erosion  of  silver  after  two  hundred  hours  of  exposure  at  a 
pressure  of  2.5  x  10*5  Torr.  The  results  of  Randolph  and  Pencil  are  superimposed  on  the  simulated 
results.  In  both  cases,  the  measurements  are  taken  1  m  from  the  anode  exit  Although  the  simulated 
results  are  noisy,  they  agree  fairly  well  with  the  experimental  data.  The  same  shapes  and  trends  are 
clearly  present  in  both  results,  though  the  simulation  consistently  underpredicts  the  measured  erosion, 
sometimes  by  more  than  a  factor  of  2.  Figure  4.24  shows  similar  results  for  the  erosion  of  Quartz 
after  200  hours  of  exposure  to  the  plume.  Superimposed  on  these  results  is  the  experimentally 
measured  erosion  of  solar  cell  coverglasses  after  200  hours  of  exposure  to  the  plume.  Although  the 
same  trends  are  apparent,  the  agreement  is  not  as  good,  and  the  simulation  consistently  underpredicts 
the  data  by  a  factor  of  three  or  more.  The  relatively  high  quality  of  the  results  for  silver  suggests  that 
the  source  of  the  inaccuracy  is  probably  in  the  relationship  used  for  the  sputtering  coefficient.  The 
sputtering  coefficients  used  for  the  solar  cell  coverglasses  represent  a  generic  “quartz  glass”.  The  solar 
cells  themselves  may  use  glass  with  a  different  composition  and  lined  are  with  an  anti-reflective 
coating.  The  sputtering  coefficients  of  solar  cell  coverglasses  has  not  been  reported  in  the  literature 
and  is  often  unknown.  When  it  is  known,  the  information  is  held  privately  and  considered 
proprietary.  The  material  used  in  the  solar  cell  coverglasses  probably  has  a  higher  sputtering 
coefficient  than  the  “quartz  glass”  modeled  in  the  simulation.  In  addition,  the  sputtering  coefficients 
used  in  the  simulation  are  valid  for  ions  striking  normal  to  the  surface.  In  reality,  however,  ions  which 
approach  at  high  angles  may  have  sputtering  coefficients  several  times  higher  than  those  used  in  the 
simulation  [Chapman  pg.  247].  Unfortunately,  no  data  are  available  on  the  angular  dependence  of  the 
sputtering  coefficient  of  Xenon  atoms  on  SUver  or  Quartz  surfaces.  Such  data  are  required  to  further 
refine  the  sputtering  model. 

Randolph  et  al.  [1994]  developed  an  empirical  model  to  predict  the  erosion  of  interconnectors 
and  solar  cell  coverglasses  on  surfaces  exposed  to  the  plume  of  an  SPT-100  thruster.  Their  model  is 
of  the  general  form 
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V  ^  +  ^2  J 

Where  j  is  the  ion  current  density  (mA/cm^),  R  is  a  reference  distance  of  1  m,  r  is  the  downstream 
distance  (m),  6  is  the  divergence  angle  (°),  ao  =  0.0014895,  ai  =  103.12,  and  a2  =  60.169.  Figure 
4.25  shows  Randolph’s  prediction  of  the  erosion  rate  for  sUver  compared  to  his  own  experimental 


134 


measurements  and  Ae  PIC-DSMC  model.  Randolph’s  generaUy  predicts  erosions  rates  which  are 
higher  than  the  measured  rates.  His  model  shows  “good  agreement  with  the  sample  measurements  at 
angles  less  than  50"’,  but  less  good  agreement  beyond  50’  IRmdolph  er  al.  1994).  Our  model  tends  to 
predict  erosion  rates  which  are  lower  than  the  measured  rates,  but  which  agree  to  about  the  same  level 
of  accuracy  as  Randolph’s  model.  Our  model  also  contains  mote  computational  noise,  whtch  causes 
our  predicdons  to  wander  mote  than  Randolph’s  model.  At  a  divergence  angle  of  90  degrees,  neither 
model  gives  very  good  agreement  In  this  range,  however,  the  erosion  rate  is  small  enough  to  be  of 
UtUe  intetest  to  designers.  Nevertheless,  it  should  be  noted  that  our  model  gives  a  conservauve 
estimate  of  erosion  rates. 

4.2.4  RPA  Measurements 

Retarding  potential  analyzers  (RPA’s)  have  been  used  to  measure  the  energy  distribution  of  ions 
in  the  plume.  Because  the  PIC-DSMC  algorithm  is  a  particle  based  method,  an  RPA  can  be  simulated 
by  recording  the  energy  of  individual  macroparticles  crossing  a  virtual  surface.  Over  time,  this 
produces  a  picture  of  the  one-way  ion  distribution  function,  similar  to  that  produced  by  an  RPA  in  the 
laboratory.  Comparisons  have  been  made  between  two  different  sets  of  RPA  data  and  results  from  the 
axisymmetric  simulation.  This  section  shows  the  results  of  these  comparisons  and  describes  their 
implications  for  the  simulation. 

Figure  4.26  shows  a  simulated  RPA  distribuUon  at  a  chamber  pressure  of  6.3  x  10-5  Torr. 
Figure  4.26  was  constructed  by  recording  the  energy  of  particles  crossing  an  arc  60  cm  from  the  anode 
exit.  Particle  fluxes  were  recorded  in  increments  of  0.5  degrees,  so  the  curve  marked  7.5  degrees 
corresponds  to  ions  crossing  at  angles  between  7.25  and  7.75  degrees  from  the  centerlme.  Figure 
4.27  shows  experimental  RPA  measurements  made  along  an  arc  1  m  away  from  the  thruster  at  a 
pressure  between  5  and  6  x  10-5  jorr  [Absalamov  1992].  Figures  4.28  and  4.29  show  experimental 
RPA  measurements  made  by  Marrese  and  GaUimore  [1996]  at  the  University  of  Michigan  along  an  arc 
0.5  m  from  the  thruster  at  a  pressure  of  5.2  x  10*5  Torr.  The  Michigan  data  has  been  corrected  for  the 
local  plasma  potential  by  subtracting  14  V  from  the  energy  levels  measured  in  the  experiment.  The 
width  of  the  peak  in  the  experimental  data  is  quite  large.  In  Figure  4.28  the  peak  has  a  half  width  of 
about  50  volts.  When  Manzella  measured  the  axial  ion  temperature  using  LIF  techniques,  he  reported 
a  temperature  of  about  3.4  eV.  Although  the  width  of  the  peaks  in  the  RPA  data  appear  to  contradict 
this  result,  the  two  results  are  actually  consistent  with  each  other.  This  point  bears  some  discussion. 

Temperature  is  defined  as  the  standard  distribution  of  the  ion  velocities  around  a  their  mean 
velocity  (the  drift  velocity).  The  ion  temperature  can  be  estimated  from  the  RPA  measurements  by 
assuming  that  the  ions  have  a  Gaussian  (Maxwellian)  distribution.  In  1-D,  the  Gaussian  distribution 
function  is  given  by 
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Where  Ti  is  the  ion  temperature,  m  is  the  ion  mass,  Vx  is  the  particle  velocity  in  this  dimension  and  Vd 
is  the  overall  drift  velocity.  Plotting  f(vx)  as  a  function  of  Vx  results  in  a  single,  symmetric  peak 
centered  on  the  drift  velocity.  The  width  of  the  peak  is  entirely  determined  by  the  ion  temperature. 
The  drift  velocity  serves  only  to  shift  the  center  of  the  distribution  function.  The  RPA  data  in  Figures 
4.27-4.29  shows  the  ion  distribution  function  plotted  against  energy  rather  than  velocity.  When  the 
Gaussian  distribution  function  is  written  as  a  function  of  energy,  it  takes  on  the  following  form. 


f(£)  = 


rv^-VETy 

^  j 


e 


Plotting  f(e)  vs.  e  results  in  a  smgle  non-symmetric  peak  whose  width  depends  on  the  temperamre  and 
on  the  dnfi  velocity.  At  high  drift  velocities,  the  apparent  width  of  the  distribution  function  is  much 
larger  than  the  temperature.  In  Figure  4.27,  for  instance,  the  peak  of  the  distribution  function  is  at  an 

energy  of  280  Volts.  We  will  assume  that  this  is  drift  energy,  i.e.  Ed  =  280  eV.  If  the  ion  distribuUon 
is  a  Gaussian  distribution,  when 


VtT 

the  height  of  the  distribution  function  should  be  0.36787  times  its  peak  value.  In  Figure  4.27,  the 
distnbuuon  function  for  the  centerline  RPA  measurement  is  0.36787  times  its  peak  value  when  the 
coUecior  potenual  is  305  Volts  and  225  Volts.  This  results  in  two  different  axial  ion  temperatures 

T,,  =  (V3^  - =  0. 534  eV 

(high  value) 

T„=(V^-V^)  =3.0  eV 

.  .  (lowvalue) 

the  ion  distnbution  were  a  true  Gaussian,  the  temperatures  would  be  the  same.  In  this  case, 

however,  a  Gaussian  is  not  a  particularly  good  approximation  for  the  ion  distribution.  Nevertheless 

both  temperatures  are  much  less  than  the  peak's  50  Volt  half-width.  The  issue  hem  is  largely  one  of’ 

definiuon.  Because  temperature  is  defined  in  terms  of  velocity  rather  than  energy,  its  value  is  actually 

much  less  than  the  observed  spread  in  ion  energies.  In  fact,  temperature  is  not  a  particularly 

meanmgful  term  in  this  context.  The  temperamre  is  deceptive  because  it  implies  a  much  narrower 

spread  m  ion  energies  than  is  actually  the  case.  The  RPA  shows  that  ions  have  undergone  potential 

drops  that  differ  by  50  Volts,  not  by  3  volts.  Similarly,  the  data  in  Figure  4.28  gives  the  foUowing 
temperatures 
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(high  value) 


T,,  =  (V^  -  =  4-42  eV 

Tjy  =  (VlSl  —  ■\/236)  =3.64  eV  value) 

Again,  the  temperatures  differ,  though  the  distribution  is  much  closer  to  a  true  Gaussian.  Hie  axial  ion 
temperatures  vary  somewhat,  but  are  generaUy  consistent  with  ManzeUa's  value  of  3.4  eV.  The 
simulated  RPA  distribution  is  based  on  a  source  axial  ion  temperature  of  34  eV,  so  it  is  no  surprise  that 
the  results  fail  to  agree  with  the  laboratory  data.  Nevertheless,  we  use  a  temperature  of  34  eV  because 
it  gives  better  agreement  to  the  observed  strucmre  of  laboratory  measurements  of  ion  current  density. 

Figures  4  26, 4.27,  and  4.29  all  show  two  “peaks”  in  the  ion  distribution.  The  first  is  a  low 
energy  peak  near  die  origin  that  represents  slow  moving  CEX  ions.  This  peak  is  too  small  to  be  seen 
in  Figure  4.28,  but  is  clearly  visible  in  Figure  4.29  at  all  angles  from  the  thruster.  The  second  is  a 
high  energy  peak  that  represents  beam  ions  coming  direcdy  from  the  anode.  This  peak  is  visible  in  all 
experimeLl  measurements  made  at  45  degrees  or  less.  In  the  simulated  data,  the  low  energy  peak  is 
narrow  and  located  right  at  the  origin.  In  Absalamov’s  data,  the  low  energy  peak  is  sUghtly  wider  and 
is  offset  from  the  origin  by  about  20  V.  This  may  indicate  that  the  RPA  itself  is  floating  at  some 
potential  relauve  to  the  plasma.  Another  possibilities  is  that  the  plume  temperature  is  veiy  high,  thus 
raising  the  beam  potendal,  but  previous  measurements  of  the  plume’s  electron  temperature  (shown  in 
Fieure  2.4)  seem  to  contradict  this  explanation.  The  low  energy  peaks  are  not  offset  in  the  Michigan 
data  or  in  the  simulated  results.  The  high  energy  peaks  are  offset  from  each  other  by  up  to  75  eV. 
Absalamov’s  peak  is  at  about  275  eV,  the  peak  in  the  simulated  data  is  just  over  200  eV,  and  the  peak 
in  the  Michigan  data  is  at  about  230  eV.  The  placement  of  these  peaks  is  significant  because 
Absalamov’s  ion  energy  of  275  eV  corresponds  to  an  Igp  of  2048  sec,  which  is  considerably  higher 
than  experimentally  observed  Isp  of  1735  sec.  (excluding  cathode  flow).  Subtracting  25  eV  from  the 
peak  gives  an  Isp  of  1971  sec.,  which  is  stUl  much  higher  than  the  experimentally  observed  value. 
Michigan’s  ion  energy  of  230  eV  corresponds  to  an  Isp  of  1872  sec.,  which  is  within  8%  of  the 
measured  value.  This  difference  is  relatively  small  and  could  be  due  to  the  spreadmg  of  the  ion  beam 
after  it  leaves  the  thruster.  These  disagreements  suggest  that  Absalamov’s  RPA  may  have  been 
substantially  biased  with  respect  to  the  ambient  plasma.  Further  work  is  needed  to  determine  the 
source  of  this  inconsistencies.  The  Michigan  RPA  results  have  been  corrected  for  the  local  plasma 
potential  and  are  generally  consistent  with  the  measured  specific  impulse. 

The  simulated  and  experimental  results  differ  qualitatively  as  well.  The  high  energy  peak  is 
much  broader  in  the  simulated  data  and,  more  importantly,  the  location  of  the  peak  varies  with  the 
RPA’s  angle  from  the  centerUne.  This  behavior  is  consistent  with  the  earlier  observation  that  particles 
with  low  energies  are  more  easily  turned  by  the  radial  electric  fields  present  in  the  plume  (see  Section 
4.2.1).  Both  sets  of  RPA  data  show  no  such  variation.  In  fact,  although  the  magnitude  of  the  peak 
drops  rapidly,  the  location  of  the  peak  is  the  same  at  all  distances  from  the  centerline.  Why  this  occurs 
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is  unclear.  It  may  be  that  the  SPT-100  is  emitting  high  energy  ions  in  directions  pointing  weU  away 
from  the  centerline,  though  why  the  thruster  would  emit  high  energy  ions  at  angles  very  far  from  the 
centerline  is  unclear.  Such  high  energy  ions  could  mask  the  energy  shifting  effect  caused  by  the  plume 
expansion.  An  interesting  characteristic  of  the  RPA  data  is  the  presence  of  a  high  energy  “tail”  of  ions 
with  energies  hundreds  of  volts  above  the  300  V  cathode-anode  drop.  Tails  of  this  type  are 
sometimes  produced  by  plasma  instabilities,  so  the  presence  of  a  tail  may  indicate  that  instabiUties  play 
an  important  role  in  the  creation  of  high  energy  ions  moving  at  large  angles  relative  to  the  centerline. 

This  tail  is  also  present  in  the  simulated  data  and  is  a  consequence  of  the  high  axial  ion  ternperamre 
assumption.  Since  the  axial  ion  distribution  is  relatively  wide,  the  top  end  of  the  distribution  ends  up 
having  velocities  weU  above  the  mean  drift  velocity.  The  tail  is  therefore  a  result  of  the  source  model 
and  the  simulation  itself  offers  no  insight  into  the  mechanism  by  which  the  source  might  create  such 
high  energy  ions.  More  work  is  needed  to  understand  the  reasons  for  these  disagreements  and  the  role 
instabilities  play  in  the  SPT-100  thruster. 

4.2.5  Summary 

In  summary,  the  axisymmetric  PIC-DSMC  model  has  been  compared  to  multiple  sources  of 
experimental  data.  Overall,  the  model  shows  good  agreement  at  the  macroscopic  level,  but  not  so 
good  agreement  at  the  microscopic  level.  The  model  agrees  well  with  measurements  of  the  ion  current 
but  compares  much  less  well  to  RPA  data.  The  reason  for  these  disagreements  is  unclear,  and  some 
inconsistencies  are  present  in  the  experimental  data.  We  conclude  that  the  model  is  able  to  predict  large 
scale  phenomena  like  the  ion  current  density  but  is  not  able  to  reproduce  microscopic  data  like  ion 
distribution  functions.  In  addition,  the  surface  interaction  models  described  in  Chapter  3  have  been 
used  to  calculate  erosion  rates  on  Silver  and  Quartz  glass  surfaces.  These  rates  have  been  compared  to 
measured  erosion  rates  for  silver  interconnectors  and  solar  cell  coverglasses.  The  model  shows  very 
good  agreement  with  silver,  but  is  less  accurate  when  predicting  the  erosion  of  solar  cell  coverglasses. 
More  accurate  measurements  of  the  coverglass  sputtering  coefficient  are  needed  to  improve  these 
results.  The  results  shown  in  Figure  4. 17  also  demonstrate  that  the  ambient  neutrals  present  in  ground 
based  tests  have  a  significant  effect  on  the  backflow  current.  This  implies  that  ground  based  tests  wUl 
overpredict  the  degradation  which  will  occur  on  surfaces  on  orbiting  spacecraft.  To  study  these 
issues,  axisymmetric  simulations  of  a  thruster  operating  in  vacuum  were  also  conducted.  These  results 
are  presented  in  section  4.4  below. 

4.3  Qualitative  Analysis 

One  advantage  of  the  PIC-DSMC  plume  model  is  that  is  can  be  used  to  make  a  more  detailed 
analysis  of  the  plume  region  than  can  be  done  in  experimental  or  analytic  studies.  This  section 
presents  some  detailed  results  of  the  axisymmetric  plume  simulation  that  help  illustrate  the  physics  of 
the  plume  region.  Figure  4.30  shows  a  phase  space  plot  ol  the  different  particles  present  in  the  plume 
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simulauon.  A  total  of  f.ve  different  types  of  parUcles  are  shown  in  this  plot;  beam  tons  beam  double 
ions,  CEX  sutgle  ions,  CEX  double  ions,  and  neutrals.  The  neutrt^  are 

velocities  and  form  a  tight,  isotropic  distribution  of  particles  around  the  ortgut.  Ibe  CEX  ^ 
clearly  visible  in  this  diagram  as  a  wing  of  low  velocity  ions  which  are  accelemted  stdejays  and 
backwards  by  the  elechic  field  in  the  plume  region.  The  beam  ions  form  a  diffuse  band  of  htgh  speed 
ions  generally  moving  away  from  the  thruster  at  high  speed.  Figures  4.31  and  432  are  snapshots 
dte  simulation  showing  the  location  of  beam  ions  and  CEX  ions  at  a  smgle  potnt  “ 

Superimposed  on  these  snapshots  are  contours  of  constant  potential.  Beam  tons  are  defined  as  all  tons 
and  double  ions  which  have  not  undergone  a  CEX  collision.  The  lines  in  the  plot  indicate  the  postnon 
of  particles  in  the  domain  and  their  direction  of  motion.  Figure  4.3 1  is  a  snapshot  of  only  the  beam 
ions  in  the  simulation.  As  one  would  expect,  most  of  the  ions  ate  concentrated  along  the  thruster 
centerline  and  move  in  the  axial  direction  away  from  the  thruster.  The  ion  density  and  the  potenttal  are 
related  by  the  Boltzmann  relationship,  so  the  centerline  is  also  the  region  of  highest  elccmcal  potennal. 
The  poienual  falls  off  with  the  density,  creating  radial  electric  fields  that  accelerate  tons  m  a  radial 
direcuon.  This  electric  field  causes  noUceable  spreading  in  the  beam  and  some  ions  are  visible  at  high 
ancles  with  respect  to  the  centerline.  Some  beam  ions  also  leave  the  thruster  travehng  at  high  angles 


with  respect  to  the  centerline  as  governed  by  equation  (3.3-5). 

Figure  4.32  is  a  snapshot  of  only  the  CEX  ions  in  the  simulation.  This  snapshot  corresponds  to 

a  simulation  of  a  thruster  operating  in  vacuum,  as  described  in  section  4.4  below.  It  is  clear  m  Figure 
4.32  that  most  of  the  CEX  ions  are  created  in  a  relatively  small  region,  perhaps  two  thruster  widths 
wide,  in  front  of  the  thruster  exit.  Because  the  CEX  ions  have  little  initial  velocity,  they  are  heavUy 
influenced  by  local  electric  fields  and  move  largely  in  the  radial  direction.  These  ions  clearly  form  the 
bulk  of  the  backflow  current.  It  is  interesting  to  note  that  the  CEX  ion  distribution  does  form  a  wing 
like  structure  to  the  side  and  rear  of  the  thruster.  This  wing  structure  has  also  been  seen  in  ion  thruster 
data  and  simulations  [Sanumta  Roy  1995].  When  the  beam  and  CEX  ions  are  plotted  together,  this 
wing  structure  disappears  because  the  beam  and  CEX  ion  distributions  overlap  each  other  in  space. 

But  when  the  two  distributions  are  plotted  separately,  the  distinctly  different  dynamics  of  the  CEX  ions 


becomes  apparent  in  the  structure  of  this  wing  region. 


4.4  Axisymmetric  Simulations  of  Thrusters  in  Space 

Ground  based  tests  are  carried  out  in  vacuum  chambers  where  the  quality  of  the  vacuum  is 
Umited  by  the  faciUty’s  pumping  speed.  SPT- 100  tests  are  typically  carried  out  at  pressures  of  3x10-5 
Torn,  though  pressures  as  low  as  6  x  10-6  jorr  can  be  achieved  in  some  facilities.  Figure  4.33  shows 
several  plots  of  the  ion  current  density  60  cm  from  the  exit  of  an  SPT- 100  thruster.  One  line  shows 
the  experimentally  measured  ion  current  density  at  a  pressure  of  2.5  x  10-5  Torr.  The  next  Ime  shows 
an  axisymmetric  simulation  of  a  thruster  operating  at  the  same  ambient  pressure.  The  experimental  and 
simulated  results  are  within  a  factor  of  2-3  across  most  of  the  domain.  The  third  set  of  results  is  a 
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simulation  of  a  thruster  operating  in  vacuum.  These  conditions  can  not  be  duplicated  in  ground  based 
tests,  but  are  representative  of  a  thruster  operating  on  a  satellite  in  geostationary  orbit.  At  high  angles, 
the  ion  current  density  in  vacuum  is  almost  an  order  of  magnitude  lower  than  in  simulated  ground 
tests.  These  results  show  that  the  ambient  neutrals  present  in  ground  based  tests  can  significantly 
affect  experimental  results.  These  neutrals  increase  the  CEX  collision  rate  and  lead  to  experiments  that 
overpredict  the  backflow  which  wUl  occur  on  orbit  Significantly  less  backflow  will  be  present  under 
operational  conditions.  Figure  4.34  shows  a  simUar  plot  comparing  simulated  results  at  a  pressure  of 
2.2  X  10*^  Torr,  which  is  the  lowest  pressure  achievable  in  ground  based  facilities.  The  simulated 
results  suggest  that  plume  tests  conducted  at  these  pressure  give  a  relatively  accurate  picture  of  the 
plume’s  structure  in  vacuum.  At  pressures  lower  than  2  x  lO"^  Torr,  the  neutrals  from  the  thruster 
come  to  dominate  the  background  gas  and  control  the  CEX  collision  rate.  This  observation  should 
give  designers  more  confidence  that  ground  based  test  in  state  of  the  art  facUities  can  replicate  the 
plume’s  structure  under  orbital  conditions. 

The  question  of  most  interest  to  designers  is  how  much  damage  the  plume  will  cause  to  satellite 
surfaces.  Figure  4.35  shows  the  predicted  erosion  rate  for  silver  and  quartz  surfaces  placed  60  cm 
from  the  exit  of  an  SPT-100  operating  in  vacuum.  The  results  are  presented  in  units  of  meters  per 
month  (720  hours)  of  operation.  The  estimated  erosion  rate  varies  very  strongly  with  angle  from  the 
centerline  and  varies  by  roughly  an  order  of  magnitude  for  each  20  degree  change  in  angle.  This 
indicates  that  a  thruster’s  angle  with  respect  to  a  surface  will  have  a  huge  impact  on  the  erosion  rate. 
Another  question  of  interest  is  how  the  erosion  rate  scales  with  distance  from  the  anode  exit.  The  solid 
and  dotted  lines  in  Figure  4.36  show  simulated  erosion  rates  as  measured  1  m  from  the  thruster  exit. 
These  rates  are  considerably  lower  than  those  shown  in  Figure  4.35,  though  silver  still  erodes  10 
microns/month  at  angles  as  high  as  55  degrees  from  the  centerline.  Superimposed  on  the  simulated 
rates  1  m  from  the  exit  are  the  rates  from  Figure  4.35  scaled  by  1/r^.  The  results  show  very  good 
agreerhent,  and  suggest  that  it  should  be  possible  to  scale  observed  erosion  rates  using  a  l/r^  law.  The 
results  shown  in  Figure  4.35  can  be  combined  with  this  scaling  law  to  produce  quick  “back  of  the 
envelope’’  estimates  of  the  erosion  rate  at  a  given  position  relative  to  the  thruster.  Designers  can  also 
use  the  relationship  to  scale  experimentally  measured  erosion  rates  to  areas  far  away  from  the  anode 
exit. 

In  summary,  axisymmetric  simulations  of  the  SPT-100  operating  in  vacuum  suggest  that  ground 
based  experiments  can  substantially  overpredict  the  backflow  current  which  will  occur  under  operating 
conditions.  This  occurs  because  the  background  of  neutrals  present  in  ground  tests  increases  the  CEX 
collision  rate  in  the  vicinity  of  the  thruster  and  substantially  modifies  the  experimental  results.  In 
addition,  axisymmetric  simulations  of  the  erosion  rate  suggest  a  couple  of  “rules-of-thumb”  which  may 
be  useful  satellite  designers.  First,  the  erosion  rate  from  the  thruster  falls  by  about  an  order  of 
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•  .u  «>nolp  Second,  the  erosion  rate  scales  as  the 

magnitude  with  each  20  degree  increase  in  the  cant  angle.  S>econ 

inverse  square  of  the  distance  from  the  thruster. 

4.5  Scaling  of  Plume  Parameters  TKe  PIC-DSMC  model 

The  results  presented  to  this  point  relate  directly 

is  general,  however,  and  could  be  used  to  model  TAL  or  ion  thrusters  as  well  it  appropriate  sourc 

models  were  available.  This  section  presents  simulations  of  several  imagmary  sterswi  eai 

parameters  different  from  those  of  a  Hall  thruster.  Tltese  simulated  results  provide  msight  mto  the 
physics  of  the  plume  and  its  sensitivity  to  different  source  parameters. 

4  5  1  Neutral  Flow  Rates  . 

■  ■  The  backflow  from  the  plume  consists  primarily  of  ions  created  by  charge  exchange  coUtsions. 

•me  CEX  coUision  rate  is  detemtined  by  the  coUision  cross  secUon  and  by  the  neutral  density  m  the 

plume  We  examined  die  sensiuvity  of  the  plume  to  neutral  density  by  increasing  the  neuual  flow  rate 

while  keeping  the  other  conditions  in  the  source  model  constant  Table  4.3  shows  the  different 

conditions  simulated  in  our  study. 


Neutral  Flow  Rate 

Neutral  Fraction  (tin) 

(ms. /sec.) 

(1 -Ionization  Fraction) 

0.25 

0.05 

1.25 

0.21 

2.5 

0.34 

25 

0.84 

Table  4.3:  simuiaiea 

In  all  of  the  scaling  studies,  only  a  single  parameter  was  varied.  All  other  aspects  of  the  source  model 
were  kept  exactly  the  same.  This  is  a  theoretical,  not  a  physical,  assumption.  In  practice,  mcreasing 
the  neutral  flow  rate  would  certainly  change  the  plasma  flow  rate  and  the  exit  velocity  profile. 
However,  the  intention  of  this  work  is  to  examine  how  the  plume  scales  in  a  general  sense,  not  to 
model  physical  thrusters.  The  flow  of  ionized  propellant  was  held  constant  at  4.75  mg/sec.  Smee  the 
neutral  velocity  was  held  constant,  the  CEX  mean  free  path  varies  inversely  with  the  neutral  flow  rate. 
The  neutral  fraction  is  a  convenient  label  to  for  the  four  cases  simulated.  Figures  4.37-4.39  show 
how  the  plume’s  potential  structure  and  CEX  ions  trajectories  change  with  the  neutral  flow  rate.  As 
one  would  expect,  the  number  of  CEX  ions  increases  dramatically  with  neutral  flow  rate.  These  ions 
not  only  increase  the  backflow  current,  but  also  change  the  overall  structure  of  the  plume.  The  wing 
structure  which  is  barely  visible  in  Figure  4.37  is  very  well  developed  in  Figure  4.39  due  to  the  high 
density  of  CEX  ions.  The  potential  structure  does  not  appear  to  scale  directly  with  mean  free  path, 
though  the  overall  structure  changes  rather  dramaticaUy  with  the  flow  rate.  Figure  4.40  shows  how 
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the  ion  current  density  changes  with  neutral  flow  rate.  Overall,  the  beam  current  tends  to  decrease  with 
increased  flow  rates  while  the  backflow  current  tends  to  increase.  The  measured  backflow  current 
actually  decreases  between  iin  =  0.34  and  rin  =  0.84  because  a  significant  fraction  of  the  CEX  ions 
flow  is  occurring  at  angles  greater  than  120  degrees  from  the  centerline.  The  decrease  in  the  beam  ion 
current  is  quite  dramatic  however,  showing  that  a  significant  portion  of  the  flow  has  been  converted 
into  backflow  current. 

4.5.2  Beam  Velocity  (Specific  Impulse) 

Earlier  in  the  chapter,  the  distribution  of  the  beam  ions  was  shown  to  have  a  significant  impact  on 
the  divergence  of  the  beam.  The  mean  ion  velocity  was  also  varied  to  study  the  effect  this  would  have 
on  the  structure  of  the  plume.  Changing  the  beam  velocity  is  equivalent  to  changing  the  thruster’s 
specific  impulse  while  leaving  all  other  aspects  of  the  beam  intact.  The  beam  velocities  simulated  are 
shown  in  Table  4.4.  _ _ _ 


Beam  Velocity  (m/s) 

Specific  Impulse  (sec.) 

17000  m/s 

1730 

8500  m/s 

870 

4250  m/s 

430 

1700  m/s 

175 

Table  4.4:  Simulated  Beam  Velocities 


Again,  all  other  aspects  of  the  source  model  were  held  constant.  The  results  represent  non-physical 
thrusters  which  have  never  been  constructed.  The  mass  flow  rate  was  held  constant  through  these 
simulations.  Figures  4.41  and  4.42  show  the  plume’s  potential  structure  and  the  distribution  of  CEX 
ions  at  specific  impulses  of  1730  and  175  seconds  respectively.  The  overall  structure  of  the  plume  is 
quite  similar  in  both  cases.  The  CEX  cross  section  has  a  relatively  weak  dependence  on  the  approach 
velocity,  so  the  magnitude  and  direction  of  the  backflow  current  is  largely  unaffected.  Figures  4.43 
and  4.44  show  phase  space  plots  at  specific  impulses  of  1730  and  175  seconds  respectively.  Note  that 
the  two  figures  use  different  scales  for  the  velocity.  In  Figure  4.43,  the  beam  ions  form  a  cloud  in 
velocity  space  that  is  separated  from  the  CEX  and  neutral  ions.  In  Figure  4.44,  however,  the  beam 
ions  have  merged  with  the  CEX  ions  and  their  velocities  have  clearly  been  effected  by  the  plume’s 
electric  field.  Figure  4.45  shows  the  variation  in  the  ion  current  density  profile  with  changes  in 
specific  impulse.  As  the  beam  ion  velocity  is  reduced,  the  beam  diverges  more  and  more  until  the 
majority  of  the  backflow  current  is  composed  of  fast  moving  beam  ions  rather  than  slow  moving  CEX 
ions.  These  results  show  that,  all  factors  being  even,  thrusters  with  low  specific  impulses  will  tend  to 
have  relatively  divergent  beams  while  diose  with  high  specific  impulses  with  have  relatively  narrow 
beams.  As  a  result,  although  the  CEX  portion  of  the  backflow  current  remains  fixed,  the  overall 
backflow  current  tends  to  increase  with  decreasing  specific  impulse. 
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rne'^ymmetric  PIC-DSMC  plume  model  has  been  used  to  simulate  an  SPT-100  operating  on 
die  gmund  and  in  a  fuU  vacuum.  The  model  has  been  verified  through  comparison  to  experimental 

data  and  the  following  conclusions  have  been  reached. 

•  The  PIC-DSMC  model  accurately  simulates  large  scale  phenomena  such  as  measurements  o 

the  ion  current  density  in  front  of  the  thruster. 

•  The  PIC-DSMC  model  is  currently  unable  to  accurately  model  small  scale  phenomena  such  as 
the  ion  distribution  function  and  match  the  shape  of  the  ion  current  density  distribution.  This 
disagreement  occurs  because  we  use  a  higher  than  measured  ion  temperature  in  our  source 

model. 

•  The  present  source  model  is  adequate  for  modeUng  large  scale  phenomena,  but  consistently 
overpredicts  the  ion  current  at  the  centerline.  In  addition,  the  axial  ion  temperature  used  in 
the  model  is  higher  than  measured  values  and  the  ion  distribution  is  assumed  to  be 
Maxwellian  when  this  is  not  in  fact  the  case.  However,  the  source  model  is  based  on  the  best 
near  field  measurements  of  the  ion  current  density  presently  available.  Better  data  or  better 
models  of  the  inside  of  the  thruster  are  needed  to  improve  the  source  model. 

•  There  are  some  questions  involving  the  accuracy  of  existing  experimental  data.  Manzella^s 
measured  beam  current  is  larger  than  the  discharge  current.  Absalamov’s  RPA  data  appears 
to  give  Isp’s  higher  than  actually  observed  in  SPT  thrusters.  Whenever  practical,  we  have 
corrected  for  these  errors  when  evaluating  the  accuracy  of  the  simulation. 

•  Reported  LIF  measurements  and  RPA  measurements  of  the  axial  ion  temperature  are  fully 
consistent  with  each  other.  The  measured  temperatures  do  not  match  values  presently  used  in 

the  ion  source  model. 

•  The  surface  interaction  model  accurately  models,  the  erosion  of  silver,  but  is  much  less 
accurate  when  applied  to  solar  ceU  coverglasses.  The  inaccuracies  appear  to  arise  from  the 
sputtering  coefficient.  The  overall  method  is  valid,  but  depends  heavily  on  accurate 
measurements  of  the  sputtering  coefficient. 

Overall,  comparisons  with  experimental  data  partially  verify  the  basic  PIC-DSMC  method.  However, 
some  improvements  are  desirable.  The  areas  requiring  the  most  improvement  appear  to  the  be  ion 
source  model  and  the  sputtering  coefficients  used  in  the  surface  interaction  model.  The  models  appear 
to  control  the  RPA  ion  distribution  and  the  erosion  model  respectively. 

One  advantage  of  the  PIC-DSMC  method  is  that  it  can  be  used  to  make  detailed  studies  of  the 

structure  of  the  plume  region.  The  following  conclusions  in  particular  can  be  drawn. 

« When  a  Hall  Thruster  operates  in  vacuum,  the  majority  of  the  CEX  ions  are  created  within 
three  thruster  widths  of  the  channel  exit. 
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•  The  CEX  ions  form  a  wing  structure  to  the  side  and  rear  of  the  plume.  However,  the  main 
beam  has  a  relatively  high  divergence  angle.  As  a  result,  the  CEX  wing  merges  with  the 
main  beam  and  is  not  visible  in  measurements  of  the  ion  current  density. 

•  Increasing  the  neutral  flow  rate  tends  to  increase  the  backflow  current  and  changes  the  overall 

structure  of  the  plume  region. 

•  All  things  being  equal,  devices  with  low  specific  impulses  have  relatively  divergent  beams 
while  those  with  high  specific  impulses  have  relatively  narrow  beams. 

Finally,  the  PIC-DSMC  method  has  been  used  to  simulate  an  SPT-100  thruster  operating  in  a  true 
vacuum.  This  matches  conditions  experienced  by  a  thruster  operating  on  a  GEO  spacecraft  and  can  not 
be  duplicated  in  ground  based  tests.  The  following  conclusions  are  reached. 

•  Ground  tests  may  significantly  overpredict  the  backflow  current  from  SPT  thrusters,  though 
tests  conducted  at  very  low  pressures  (~2  x  10’^  Torr)  may  accurately  reflect  operational 
conditions. 

•  The  erosion  rate  drops  by  approximately  an  order  of  magnitude  with  each  20  degrees  from  the 
thruster  centerline. 

•  The  erosion  rate  drops  with  the  square  of  the  distance  from  the  thruster  exit. 

The  results  shown  in  this  chapter  provide  insight  into  the  structure  of  an  expanding  plasma  plume  and 
demonstrate  the  utiUty  of  the  PIC-DSMC  simulation.  Although  further  improvements  can  be  made,  the 
level  of  overall  agreement  vahdates  the  overall  PIC-DSMC  method. 
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Figure  4.2:  Total  Energy  vs.  Iteration  Time 
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Figure  4.3:  Sensitivity  to  Number  of  Particles 


Ambient  Plasma 


Figure  4.8:  Contour  Plot  of  Potential  and  Vector  Plot  of  Current  Density 

(Axial  Ion  Temperature  =  3.4  eV) 
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Ambient  Plasma 


Figure  4.9:  Contour  Plot  of  Potential  and  Vector  Plot  of  Current  Density 

(Axial  Ion  Temperature  =  34  eV) 
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Figure  4.10:  Comparison  of  Ion  Current  Density  Data  with  Simulated  Results 

(Axial  Ion  Temperature  =  3.4  eV,  r  =  60  cm,  P  =  2.2  x  10'^  Torr) 
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Figure  4.11:  Simulated  Ion  Current  at  Different  Temperatures  and  Experiment 

(r  =  60  cm,  P  =  5.6x  10-^  Torr) 
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Figure  4.16  Comparison  of  Ion  Current  Deiftsity  with  No  Compensating  Flow 

(Pressure  =  2.2x10-^  Torr) 


Ficure  4.17:  Simulated  Ion  Current  Bensity  as  a  Function  of  Ambient  Pressure 

(z  -  60  cm) 
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Figure  4.18:  Simulated  Ion  Current  Density  vs.  Data  (P=  2.2  x  10’^  Torr) 


Figure  4.19:  Simulated  Ion  Current  Density  vs.  Data  (P  =  5.6  x  10'^  Torr) 
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Figure  4.20:  Simulated  Ion  Current  Density  vs.  Data  (P  -  2.5  x  lO'^  Torr) 


Figure  4.21:  Simulated  Ion  Current  Density  vs.  Data  (P  =  6.3  x  lO'^  Torr) 
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Figure  4.23:  Calculated  Silver  Erosion  Rates  vs.  Experimental  Data 

(z  =  lm) 


Figure  4.24:  Calculated  Coverglass  Erosion  Rates  vs.  Experimental  Data 

(z  =  1  rn) 


Figure  4.25:  Comparison  to  Silver  Sputtering  Rates  Predicted  by  Randolph 

[1994] 
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Figure  4.26:  Simulated 


RPA  Data  Showing  Ion  Energy  Distribution 

(z  =  60  cm) 


Collector  Potential  (V) 

Figure  4  27:  RPA  Measurements  of  Ion  Energy  Distribution  [Ab.alamov  1992] 

^  *  (z-lm) 
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Arbitrary  Units 


Figure  4.28:  RPA  Measurements  of  Ion  Energy  Distribution  [Marrese/Gallimore] 

(Pressure  =  5.2  x  Torr) 


Figure  4.29:  RPA  Measurements  of  Ion  Energy  Distribution  [Marrese/Gallimore] 

(Pressure  =  5.2  x  Torr) 


Radial  Velocity  (Normalized  Units) 

4.30:  Phase  Space  Plot  of  Hall  Thruster  Plume 

(Pressure  =  2.2  x  lO''^  Torr) 


(Pressure  =  2.2  xl(y^  Torr) 
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Figure  4.33:  Ion  Current  Density  60  cm  from  Anode  Exit  on  Ground 

(Pressure  —  2.5  x  Torr)  and  in  Vacuum 


Figure  4.34:  Ion  Current  Density  60  cm  from  Anode  Exit  on  Ground 

(Pressure  =  2.2  x  Torr  and  in  Vacuum) 
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Figure  4.40:  Ion  Current  Density  with  Different  Neutral  Flow  1 

(Radius  =  0.6  meters) 
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Figure  4.43:  Phase  Space  Plot  dsp  =  1730  sec.) 


Ion  Current  Density  (mA/em^) 


Radial  Velocity  (Normalized  Units) 


Figure  4.44;  Phase  Space  Plot  (Isp  -  175  sec.) 
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Figure  4.45:  Variation  in  Ion  Current  Density  with  Specific  Impulse 


Chapter  5:  Computational  Plume  Model  and  Methods 
(Three-Dimensional) 


in  Chapters  3  and  4,  an  axisymmemc  model  of  a  Hall  Thruster  plume  was  <1“" 

detail  A  series  of  results  were  ptesented  to  verify  the  model  agamstexpertmental  data.  These 

results  included  comparisons  to  laboratory  data  and  predictions  for  a  Hall  thruster  operatmg  tn 
vacuum.  These  results  vahdated  the  basic  quasi-neutral  PIC-DSMC  algorithm  and  .^  surface 
interaction  models  and  provided  some  msight  into  the  physics  of  the  plume  regton.  5-"“  « 
spacecraft  am  seldom  axtsymmetric,  a  fully  three  dimensional  plume  model  ts  requued  to  model  the 
interactton  between  realistic  spacecraft  geometries  and  the  plumes  from  thrusters  use  for  orbtt 
raising  or  stationkeeping  applications,  ^ts  chapter  describes  a 

named  quasB.'  This  simulation  is  based  on  the  same  basic  models  descnbed  tn  Chapter  3.  bu 
applied  on  a  three  dimensional  embedded  grid  which  can  be  tailored  to  match  reatouc  sp^^t 
geometries.  Because  the  method  is  very  similar  to  the  axisymmetric  plume  model. 
aspects  which  are  different  from  the  axisymmetric  simulation  are  de^ribed  tn  tins  chapter.  The 
basic  principles  behind  the  algorithm  are  described  in  Chapter  3  and  computauonal  results  are 

described  and  discussed  in  Chapter  6. 


*  For  "Cuflri-neutral  three  dimensional"  plume  simulation. 


175 


5.1  Introduction  .  , 

The  three  dimensional  plume  simulation  is  very  simUar  to  the  axisymmetric  plume  simulation 

and  is  subject  to  many  of  the  same  assumptions  and  Umitations.  The  same  quasi-neutral  PIC- 
DSMC  formulation  shown  in  Figure  3.1  is  used  in  the  3-D  plume  model.  The  plasma  is  quasi- 
neutral  by  assumption,  so  the  simulation  is  valid  in  most  regions  directly  impacted  by  the  plume 
but  invalid  in  wake  regions  behind  arrays  and  other  large  surfaces.  The  potential  is  still  determmed 
by  inverting  the  Boltzmann  relationship  which  makes  the  simulation  very  fast  in  comparison  to 
other  three  dimensional  particle  simulations.  Meter  scale  simulations  typicaUy  run  in  15-24  hours 
on  workstation  class  machines.  This  run  time  is  thought  to  be  short  enough  for  effective  design 
work.  Physical  quantities  were  normaUzed  in  the  same  manner  as  in  the  axisymmetric  model  usmg 

the  quantities  outlined  in  section  3.2.1. 

A  single  three  dimensional  embedded  mesh  is  used  for  both  the  PIC  and  DSMC  portions  of 
the  simulation.  The  data  structures  used  to  store  the  mesh  are  considerably  more  compUcated  in  the 
three  dimensional  model  and  are  discussed  in  section  5.2.  The  computational  domam  is  subject  to 
the  same  external  boundary  conditions  used  in  the  axisymmetric  model  (as  described  in  secuon 
3.3.2).  These  boundaries  generally  reflect  particles  at  planes  of  symmetry  and  absorb  particles  at 
boundaries  to  the  ambient  plasma.  To  lower  computation  times,  three  dimensional  simulations  are 
conducted  without  an  ambient  background,  so  no  incoming  particle  fluxes  are  imposed  at  exterior 
boundaries.  This  is  consistent  with  conditions  in  GEO,  where  the  neutral  background  density  is 
near  zero  {Wang  pg.  17]. 

The  basic  PIC  model  used  in  quasi3  is  very  similar  to  that  used  in  the  axisymmetric  model, 
and  the  DSMC  model  is  virtually  identical  to  that  described  in  section  3.5.  The  same  collisional 
phenomena  are  included  in  the  three  dimensional  model,  and  since  background  gases  are  never 
considered  in  these  results,  Xenon-Xenon  neutral  colHsions  are  always  included  as  part  of  the 
simulation.  The  basic  memory  storage  methods  are  also  the  same.  Linked  lists  are  used  to  store 
particles  rather  than  conventional  packed  arrays  with  garbage  collection.  The  tradeoffs  between 
these  two  methods  are  discussed  in  detail  in  section  3.7.  The  major  differences  between  the  two 
plume  models  are  the  different  density  weighting  factors,  an  integrated  surface  erosion  and 
interaction  model,  and  the  inclusion  of  the  cathode  in  the  source  model.  The  rest  of  this  chapter 
discusses  these  and  other  differences  between  the  two  computational  models. 

5.2  Computational  Grid  and  Geometry 

The  major  motivation  for  developing  a  three  dimensional  plume  model  is  to  model  realistic 
spacecraft  geometries.  The  three  dimensional  PIC-DSMC  model  is  built  on  an  embedded  Cartesian 
mesh.  Figure  5.1  shows  a  typical  three  dimensional  model  of  a  commercial  communications 
satellite.  A  simulated  bus,  yoke,  and  solar  array  are  shown  on  a  3.2  m  x  4.4  m  x  3.2  m 
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computational  domain,  and  an  embedded  grid  is  visible  along  the  edge  of  the  main  bus.  This  grid 
is  collocated  with  the  thruster  and  is  used  to  better  resolve  the  core  of  the  plume.  Ihere  are  several 
hmitations  on  the  types  of  geometries  which  can  be  modeled  with  a  3D  embedded  gnd.  In  order  to 
improve  computational  efficiency,  all  surfaces  are  required  to  be  grid  conforming.  This  means  that 
the  satellite  must  be  constructed  from  boxes  that  follow  ceU  boundaries  and  precludes  the  use  of 
curved  surfaces.  The  primary  disadvantage  of  this  requirements  it  that  it  prevents  the  modeling  of 
plume  impingement  on  parabolic  antennae.  As  with  the  axisymmetric  simulation,  the  resolution  of 
embedded  meshes  is  fundamentally  Umited  by  the  underlying  particle  simulation.  Adding  an 
embedded  mesh  without  increasing  the  number  of  particles  results  in  fewer  particles  per  cell  and 
actually  reduces  the  accuracy  of  the  simulation.  This  point  is  discussed  in  detail  in  section  3.3.1. 
The  number  of  particles  which  can  be  added  is  restricted  by  available  memory  and  prevents  the 
arbitrary  use  of  embedded  grids  to  resolve  objects  of  interest. 

5.2.1  Computational  Grid  and  Data  Storage 

The  three  dimensional  embedded  mesh  is  stored  in  a  manner  very  similar  to  that  used  in  the 
axisymmetric  simulation.  Meshes  are  stored  in  a  tree  structure  and  grids  are  evaluated  using 
recursive  functions.  The  basic  grid  information  is  stored  in  two  data  structures,  one  for  nodes  and 
one  for  cells.  These  structures  are  similar  to  the  ones  used  for  the  axisymmetric  gnd  and  are 
defined  using  the  following  C  code. 


typedef  struct  { 
char  celltype; 
edgedata  edge[6J ; 
float  local_time; 
float  sigiT\a_v_inax; 
int  ncollision; 
int  suinined_ncollision; 
unsigned  int  *npart; 
particledata  *^*part; 
celltosurfacemap  *sinap; 
)  celldata;  . 


/*  Switch  to  tell  if  cell  boarders  on  fine  cells 
/*  One  for  each  of  the  four  edges 
/*  Local  time  count  (for  MCC  module) 
/*  Max  sigma  *  velocity  (for  MCC  module) 
/*  Number  of  collisions  in  that  cell 
/*  Sum  to  calc,  average  number  of  collision  in  cell 
I*  Number  of  particles  in  the  cell 
/*  Pointer  to  list  of  particles  in  cell 
/*  Maps  cell  sides  to  surface  cells  * i 


*/ 

*/ 

*/ 

*/ 

*/ 

*/ 

*/ 


typedef  struct  { 
float  weight; 
float  ex; 
float  ey; 
float  ez; 
float  ndensity; 
float  phi; 
float  rhominus; 
float  nvsaitples; 
float  suirmed^ndensity; 
float  suirmed^rho;  / 
float  suinmed_phi; 
char  switchns ;  / 

char  switchew; 
char  switchud; 
short  int  nob j ; 

}  nodedata ; 


/*  Weight  factor  for  density  multiplication 
/*  Electric  field  in  x  direction 
/*  Electric  field  in  y  direction 

/*  Neutral  niorriber  density 
/*  Potential 
/*  Negative  charge  density 
f*  Running  “sum"  for  velocity  samples 
/*  Sum  to  calc,  time  ave.  neutral  density 
Sim  used  to  calculate  time  ave.  (ion)  charge  density 
/*  Sim  used  to  calculate  time  ave.  potential 
Switch  to  indicate  which  way  to  difference  e  field 


V 

V 

V 

V 

V 

V 

*/ 

*/ 


/*  ud  ==  Up“Down  */ 
/*  Index  to  object  node  is  assocaited  with  */ 
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Again,  two  structures  are  defined,  one  for  ceUs  and  one  for  nodes.  Most  of  the  parameters 
present  in  the  structures  are  discussed  in  section  3.3.1.  ITie  next  two  sections  describe  differences 
between  the  axisynunetric  and  3D  data  structures. 

CpII  Data  Structure 

edgedata  serves  the  same  purpose  in  three  dimensions  as  it  does  in  two,  but  instead  of  four  data 
structures,  six  structures  are  present.  The  term  “edgedata”  is  actuaUy  a  misnomer;  each  structure 
represents  a  different  face  of  the  ceU  (the  tenn  “edgedata”  reflects  the  simulation’s  2D  heritage). 

The  faces  are  referred  to  using  the  names  NORTH,  SOUTH,  EAST,  WEST,  UP  and  DOWN  as 
shown  in  Figure  5.2.  Each  structure  contains  the  same  components  as  in  the  axisymmetric  grid 

structure. 

celltosutfacemap  is  used  only  with  cells  that  border  on  solid  objects  (i.e.  at  intenor  boundanes).  It 
is  a  structure  that  maps  the  faces  of  grid  cells  to  nodes  on  objects.  This  structure  is  necessary  to  . 
integrate  the  surface  interaction  model  with  the  particle  simulation.  Objects  and  surfaces  are  stored 
separately  from  the  main  embedded  grid.  When  a  particle  crosses  a  grid  ceU  face,  the  simulation 
checks  to  see  if  the  face  is  an  interior  boundary.  If  it  is,  the  simulation  uses  the  celltosutfacemap  to 
record  the  charge  as  a  flux  to  the  appropriate  surface  node.  At  the  end  of  each  timestep,  the  flux  is 
used  to  calculate  the  surface  potential  and  sputtering  rates.  This  process  is  discussed  m  detail  in 

section  5.6. 

Node  Data  Structure 

The  3D  node  data  structure  is  almost  identical  to  the  axisymmetric  node  data  structure.  The 
only  difference  is  the  presence  of  Cz  to  represent  the  third  component  of  the  electric  field  and 
switchud  to  indicate  the  type  of  finite-difference  formulation  used  to  calculate  the  electric  field  in 
the  z  direction,  switchud  is  a  flag  with  the  following  possible  values. 

•  CENTER  indicates  that  a  center  difference  formulation  should  be  used. 

•  UP  indicates  that  a  forward  difference  formulation  should  be  used. 

•  DOWN  indicates  that  a  backwards  difference  formulation  should  be  used. 

In  all  other  respects,  the  grid  formulation  used  is  identical  to  that  used  in  the  axisymmetric  plume 

simulation. 

A  separate  grid  generation  program  has  been  developed  and  is  named  meshS.  The  following 

steps  are  used  to  create  new  three  dimensional  meshes. 

•  The  top  level  mesh  is  created  to  define  the  extent  of  the  computational  domain.  It  contains 
no  objects,  and  all  grid  cells  and  nodes  are  set  to  their  default  values.  External  boundaries 
are  defined  according  to  user  specifications  and  cell  and  node  data  structures  are  modified 
accordingly. 
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.  The  child  meshes  are  then  created  and  cells  and  nodes  are  set  to  their  default  values.  Again, 
external  boundaries  are  defined  by  user  specifications  and  ceU  and  node  structure  modified 
accordingly.  CeU  faces  that  border  on  fine  meshes  are  designated  by  setting  the  edge  type 

switch  equal  to  BORDERS_ON_nNE. 

.  Objects  are  created  on  the  grid  according  to  user  specifications.  Nodes  and  faces  mside 
objects  are  blocked  out  of  the  simulation  by  designating  their  type  as  NO.BND  and  setung 

efield  switches  equal  to  NO.DIFF.  CeUs  faces  corresponding  to  object  boundanes  are 

designated  as  type  INTERIOR.BND.  CeU  faces  on  interior  boundanes  are  mapped  to 
object  surfaces  using  the  celltosurfacermp  data  structure. 

Overall  the  grid  generation  process  is  relatively  simple  and  executes  in  a  tew  minutes.  An 
arbitrarily  large  number  of  thrusters  can  be  included  in  tbe  domain.  Several  restricUons  are  present 
on  the  placement  of  objects  relative  to  the  edges  of  objects  and  to  each  other.  These  restncuons  are 
generally  obvious  and  are  discussed  in  the  User’s  Manual  (Appendix  A  of  this  document). 


5.2.2  Cell  Weighting  Factors  ,  ,  , 

The  charge  density  is  calculated  by  dividing  the  charge  collected  to  each  node  by  the  volume 

olThe  cell.  In  three  dimensions,  this  is  generally  given  by 


Before  applying  equation  (5.2-1),  it  is  necessary  to  multiply  the  charge  collected  by  the  rauo  o  e 
cell’s  total  volume  by  the  node’s  effective  coUection  volume.  This  ratio  is  known  as  ceU  weightmg 
factor.  The  possible  weighting  factors  can  be  determined  geometrically  and  are  shown  m  Figure 
5.3.  As  with  the  axisymmetric  grid  model,  weighting  factors  are  not  required  at  embedded  mesh 
boundaries.  The  weighting  process  is  identical  to  that  used  with  axisymmetnc  gnds  and  is 


discussed  in  section  3.3.2. 


5.3  Particle  Motion 

Quasi3  moves  particles  in  the  same  manner  as  the  axisymmetric  plume  simulation.  The 
leapfrog  method  is  used  to  integrate  the  basic  equations  of  motion.  In  a  three  dimensional 

Cartesian  system,  the  equations  of  motion  (without  collisions)  are 
dV  qE, 

—  dt-  m  dt  m  (5.3-1) 

where  q/m  is  the  charge  ratio  of  the  macroparticle.  The  particle  velocities  are  calculated  in  all  three 
directions  and  the  electric  field  is  determined  self-consistently  in  all  three  dimensions  usmg 
techniques  described  in  the  next  section.  Particles  are  tracked  as  they  cross  cell  boundaries  and  the 
particle’s  location  within  the  grid  is  known  at  all  times.  The  three  dimensional  leapfrog  method  is 
subject  to  the  same  basic  Umitations  described  in  section  3.4.1.  In  particular,  the  iteration  timestep 
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sets  an  etfeaive  upper  limit  on  the  frequency  which  can  be  accurately  simulated  using  the  quasi 
neutral  PIC-DSMC  plume  model. 


5.4  Electric  Field 

The  electric  field  is  calculated  using  a  procedure  very  similar  to  that  used  m  the  axisymmetnc 
plume  simulation.  The  basic  procedure  is  the  same.  The  charge  density  is  determmed  as  a 
function  of  position  by  weighting  charged  particles  to  a  three  dimensional  Cartesian  mesh.  Once 
the  charge  density  is  known,  the  Boltzmann  relationship  (equation  3.2-4)  is  mverted  to  obtam  the 
electrical  potential.  The  potential  is  then  differentiated  to  determine  the  local  electric  field,  which  is 
weighted  back  to  the  particle  and  used  to  solve  the  particle  equations  of  motion  (system  5.3-1). 

The  main  difference  between  the  two  methods  is  the  weighting  factor  used  to  weight  quanuues 
from  the  grid  to  the  particles  and  vice  versa.  The  weighting  functions  used  are  first  order 
volumetric  weighting  functions  similar  to  those  described  in  section  3.3.2,  but  for  three 
dimensional  Cartesian  coordinates.  Each  particle  is  weighted  to  the  eight  nearest  gnd  pomts  at  any 
given  grid  level.  Given  a  particle  at  position  (xp,  yp,  Zp)  located  between  x-nodes  i  and  i+l,  y- 
nodes  j  and  j+1,  and  z  nodes  z  and  z+1,  the  weighting  factors  used  are  given  by  the  following 


expressions. 


dx,  = 
dyi  = 


^jq-l 

h 

y.+i-yp 


dzi  = 


dx2=1.0-dxj 

dy:=1.0-dy,  (5.4-1) 

dz2=1.0-dzi 
Si.j.k  =  dxidy,dz, 

Si+,,j,k=dx2dy,dzi 

=  dxidy^dz, 

=dxidy,dz2 

Wi..=dx2dy2dzi 

=dxidy2dz2 

The  sum  of  the  eight  weighting  factors  is  always  unity  regardless  of  the  particle’s  position  within 
the  ceU  Once  each  particle  has  been  weighted  to  the  grid  ceU,  the  charge  density  is  determined  by 
dividing  the  total  accumulated  charge  by  the  volume  of  the  cell.  The  potential  is  then  determined 
from  the  Boltzmann  equation,  and  the  electric  field  is  determined  from  the  potential  using  the  same 
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finite  difference  approximations  used  in  the  axisymmetric  plume  model  (as  descnbed  m  s^uon 
3  6)  As  in  the  axisymmetric  model,  one  sided  difference  approximations  are  necessary  along  the 
edges  of  embedded  meshes.  This  could  introduce  grid  artifacts  to  the  electnc  field  but,  m  practice, 
no  discontinuities  have  been  observed  in  any  of  the  simulations. 

5.5  Source  Model 

The  source  model  used  in  the  3D  simuladon  is  very  similar  to  the  one  used  m  the 
axisymmetric  simulation.  The  same  basic  empirical  SPT-100  m^el  is  used  " 

anode.  Ions  are  treated  using  the  fits  to  experimental  data  denved  m  ^»on  3.3.3  - 
thermal  velocity  components  added  in  aU  three  direcdons.  Based  on  the  resets  presen^ 

Secuon  4.2.1,  rite  higher  axial  ion  temperature  of  34  eV  is  used  in  all  three  dmtens^al  plume 
simuladons,  nte  velocity  of  die  panicles  is  inidally  detemtined  in  cylindrical  coordmates  cen^d 
on  the  thruster  and  is  then  convened  to  Cartesian  coordinates  for  use  in  the 
orientations  can  be  specified  for  the  thruster  and  more  than  one  thruster  c»  be  mcluded  m  the 
simulation.  The  orientation  of  the  thruster  is  specified  by  specifying  the  thnnt  vector  md  a  vect 
perpendicular  to  the  thrust  vector  pointing  from  the  center  titntster  towards  the  anode  (as  shown  m 
Firum  5 .4).  The  position  of  the  thmster  is  defined  by  specifying  the  object  on  which  it  is  moun  e 

and  the  position  of  the  center  of  the  anode  exit  relative  to  that  object. 

The  lamest  difference  between  the  3-D  and  axisymmetric  plume  models  ts  the  manner  in 
which  the  cat'hode  flow  is  treated.  In  a  three  dimensional  geometry,  this  flow  emerge  from  a 
cathode  orifice  which  is  placed  7.5  cm  above  and  1.0  cm  downstream  of  the  center  of  the  anode 
exit  The  simulated  cathode  is  canted  45  degrees  relative  to  the  centerline,  so  the  flow  is  directed 
towards  the  center  of  the  plume.  As  with  the  axisymmetric  simulation,  cathode  and  anode  neutrals 
am  assumed  to  have  a  temperature  of  1 000  K  and  are  choked  at  the  cathode  and  anode  exits 
respectively.  Most  of  the  ions  created  in  the  cathode  are  neutralixed  by  the  walls  of 
chamber,  so  we  assume  that  the  ionization  fraction  for  particles  leaving  the  cathode  is  0%  (i.e.  the 
flow  consists  entirely  of  neutral  particles).  The  particles  leaving  the  cathode  are  to  “lave  a 

Maxwellian  distribution.  The  particle  velocity  in  the  flow  direction  is  given  by  equation  (3.3- 
with  the  drift  velocity  set  equal  to  the  local  sonic  velocity.  The  velocity  in  the  wo 
directions  is  given  by  a  Gaussian  distribution  created  using  expressions  (3.3-8)  and  (3.3-9). 

5  6  Surface  Interaction  Model 

One  issue  of  particular  interest  to  satellite  designers  is  the  interaction  of  the  plume  with 
surfaces  of  a  spacecraft  In  order  to  study  surface  interaction  issues,  a  surface  sputtenng  mo  e 
has  been  developed  and  incorporated  into  the  PIC-DSMC  model.  A  relatively  stmple  version  of 
this  model  is  used  in  the  axisymmetric  plume  simulation.  This  model  was  desert  e  in  et  in 
section  3.6.  The  axisymmetric  model  was  further  developed  and  fully  integrate  mto  quasi 
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erosion  rates  can  be  calculated  on  realistic  spacecraft  geometries.  This  section  describes  the  three 
dimensional  surface  interaction  model  and  the  manner  in  which  it  is  integrated  into  the  overall 
plume  simulation. 

As  discussed  in  section  3.6,  deposition  effects  are  ignored  in  the  surface  interaction  model. 
This  is  consistent  with  experimental  results  that  report  little  or  no  deposition  on  witness  plates, 
even  when  they  are  placed  at  high  angles  with  respect  to  the  centerline  [Randolph  1994].  In  the 
axisymmetric  plume  model,  the  boundary  conditions  at  solid  surfaces  are  treated  separately  from 
the  erosion  model.  In  the  3D  plume  model,  these  models  are  combined  into  a  single  surface 
interaction  model.  When  particles  strike  a  surface,  the  ions  and  double  ions  are  neutralized  and 
removed  from  the  simulation  while  neutrals  are  reflected  back  into  the  domain,  as  discussed  in 
section  3.6.1.  In  addition,  however,  the  incoming  particle  flux  is  used  to  calculate  the  amount  of 
sputter  damage  sustained  by  the  surface.  This  is  done  using  a  modified  version  of  the  sputtering 
model  discussed  in  section  3.6.2. 

It  should  be  noted  that  surface  erosion  rates  are  post-processed  in  2D  so  that  the  surface 
model  will  not  slow  the  overall  simulation.'  However,  post  processing  requires  that  the  simulation 
record  the  distribution  of  particles  striking  each  surface  node.  While  the  memory  required  is  small 
in  2D,  it  grows  rapidly  in  3D  and  was  found  to  be  too  large  to  justify  the  savings  in  computation 
lime.  Sputtering  rates  are  therefore  calculated  as  the  simulation  runs  using  the  following 
procedure. 

When  a  particle  crosses  a  grid  cell  boundary,  the  boundary  type  is  determined  from  the  cell’s 
edge  data  structure  (as  described  in  sections  3.3.1  and  5.2.1).  If  the  boundary  is  an 
INTERIOR_BND,  the  particle  velocity,  position,  and  grid  coordinates  are  passed  to  the  surface 
interaction  model  for  evaluation.  Each  surface  in  the  simulation  is  represented  computationally  as 
the  side  of  a  box.  The  satellite  shown  in  Figure  5.1,  for  example,  consists  of  three  separate  boxes, 
one  for  the  bus,  one  for  the  array,  and  a  long  thin  box  for  the  yoke.  Each  box  has  six  surfaces, 
some  of  which  are  inactive  because  they  are  located  on  exterior  boundaries.  Each  active  surface  is 
divided  into  two  dimensional  cells  which  match  the  faces  of  the  three  dimensional  cells  in  the 
plume  simulation.  The  interaction  model  uses  the  object  index  and  celltosurfacemap  stored  in  the 
cell  data  structure  to  translate  the  particle’s  position  in  the  computational  grid  into  a  cell  on  the  face 
of  one  of  the  objects  in  the  simulation.  The  particle’s  charge  and/or  particle  weighting  factor  are 
recorded  as  striking  that  particular  surface  cell.  The  system  is  similar  to  the  nearest  neighbor 
method  of  particle  weighting  used  in  zeroth  order  PIC  simulations.  Because  the  surface  grid  is  cell 
centered,  the  particle  is  weighted  straight  to  the  cell  and  no  geometric  comparisons  or  weighting 
factors  are  required. 

Calculating  the  sputtering  damage  caused  by  the  impact  of  a  particle  requires  a  knowledge  of 
the  particle’s  impact  energy.  The  impact  energy  depends  in  turn  on  the  potential  drop  across  the 
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_f  f  thP  ohiect  When  creating  an  object,  it  is  necessary  to 
non  quasi-nemral  shea*  a.  the  of  objects  cat.  be  specif.ed: 

specify  its  po^nbal  witft  respect  to  Ute  ^  ^  ^  for 

oU  of  f-oted  po^odal  and  obtec«  ^  J3,,  Each  node  on  array  coutd  be 

instance,  could  be  reprinted  as  an  ob^  ^  *ermal 

assigned  a  different  potential  .0  numtc  Ute  to  ^  „bjecu 

Wanket,  on  die  other  hand,  would  be  repre  (,y  balancing  the  flute  of  ions  and 

are  tteated  as  dielectrics  whose  potenu  0“  sn^romid  in  A  sheath  interaction  model  is 

elecnons  to  each  node  ‘"“openden.  of  the  n^^  wh*  ^  for 

10  determine  Ute  ;„^^non  model  for  floating  surfaces  is  simUar  to  e 

use  in  the  sputter  erosion  model.  ^^_^bals  which  are  neganve  wiih 

sheath  model  desenbed  in  section  ^  ^  ^^aring  the  sheaih  musi 

ntspect  .0  the  ambient  plasma,  the  Bohm  ^  sheaUi,  it  is  continuously 

be  moving  faster  titan  Ute  ion  a^us^c  vdo  boundary  Uterefore  represents  a  sink 

accelerated  until  it  strikes.the  wall,  and  th  determined  using 

iuio  which  ions  disappear  and  never  reemerge.  Ibe  potent. 

equation  (3.6-1),  i.e. 


d,,=-!iL,n(in 

f  -*  V^oCe, 


(3.11-1) 


t-  V  o-e  / 

1  .  ve  flute  seen  by  Ute  surface  over  Ute  course  of  the  enure 

““rrc"—  . 

potential  is  less  than  die  local  plasma  P'>^  When  the  surface  r.  u-nl.al  is  grea.er 

eegion  and  the  magnitude  of  Ute  potenu  ^  awav  Ironi  Ute 

dtan  the  plasma  potenual,  the  ^Uy  much  larger  than  the  flux  ol  ions ,« the 

wall.  Since  Ute  flux  of  elections  >o  ^  ^„,ar  array  may  end  up  silling  posiu  ve  tvitli 

surface,  Uiis  is  unlikely  to  ^ft  wUl  sit  negative  utstead.  Because  a 

to  respect  to  Ute  plasma,  but  the  bulk  of  Ute  bte  wall  will  not  he  m  equ.lihnun, 

positively  floating  surface  atiracte  ,  ies  and  the  poienual  suuciure  m 

AS  a  r^ulti  it  is  impossible  “  a  Boltnnann  electron  model.  Nevenheless.  we 

the  sheath  and  pre-sheath  region  wi  nn  relationship. 

choose  to  model  the  elections  using  dte  ^um^  charged  suriaees 

Fortunately,  it  is  possible  to  model  &  y  sheathipre-shca  i 

When  ions  stiike  a  positively  */^beati.  and  oUters  arc  neutralirod  by  impae,  t 

houndaty.  Some  of  dtese  ions  are  "  ^  ^,ted  by  suhtiaeung  Uic  heal  r  ..n„ 
dte  surface.  The  potential  rise  across  Ute  sheath 
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potential  from  the  fixed  surface  potential.  The  energy  of  the  incoming  particle  is  then  compared  to 
the  sheath  potential.  If  the  particle’s  total  kinetic  energy  is  greater  than  the  sheath  potential,  the 
ion’s  impact  is  recorded  and  it  is  removed  from  the  simulation.  If  the  particle’s  energy  is  less  than 
the  sheath  potential,  the  particle’s  impact  is  not  recorded  and  the  ion  is  reflected  back  into  the 
domain;  The  net  result  is  that  low  energy  ions  are  reflected  whUe  high  energy  ions  are  neutralized 
by  the  underlying  surface.  This  accurately  reflects  the  behavior  of  ions  when  they  encounter  a 
positively  charged  surface.  Only  the  particles  which  strike  the  surface  can  cause  sputtering 
damage.  Neutrals  are  unaffected  by  the  presence  of  the  sheath  and  always  cause  sputtering 
damage.  As  with  the  floating  boundary,  this  surface  model  is  only  valid  when  conventional  ID 
sheath  theory  applies.  This  is  generally  the  case  when  the  Debye  length  is  much  less  than  the 
length  scale  of  the  surface,  which  is  a  restatement  of  the  quasi-neutral  assumption.  The 
implications  and  limits  of  validity  for  this  assumption  are  discussed  in  detail  in  section  3.6. 

Sputtering  rates  are  calculated  by  tabulating  the  material  removed  by  each  ion  and  neutral 
which  strikes  the  surface.  The  amount  of  material  lost  is  determined  by  multiplying  an  energy 
dependent  sputtering  coefficient  by  the  macroparticle  weighting  factor,  i.e. 

V  =  S(E,)W 

Where  Ek  is  the  total  kinetic  energy  of  the  particle  striking  the  surface.  The  erosion  depth  is 
determined  by  dividing  the  volume  by  the  area  of  the  cell  and  the  erosion  rate  is  determined  by 
dividing  the  rate  by  the  total  simulation  time.  The  total  erosion  volume  is  the  sum  of  the  amount 
eroded  by  each  particle  over  the  course  of  the  simulation  and  multiple  materials  are  simulated  by 
tracking  several  independent  erosion  volumes.  A  particle’s  impact  energy  is  given  by  the  sum  of 
its  initial  kinetic  energy  and  the  energy  it  gained  or  lost  in  the  sheath.  All  particles  are  assumed  to 
enter  normal  to  the  surface  and  neutrals  undergo  no  acceleration  in  the  sheath  region. 

Three  different  materials  were  considered  in  this  thesis  when  calculating  sputter  erosion  rates. 
Two  of  the  materials  were  also  considered  in  the  axisymmetric  plume  model.  The  first  material  is 
Silver,  which  is  commonly  used  for  solar  cell  interconnectors.  Its  energy  dependent  sputtering 
coefficient  is  given  by  the  linear  fit  shown  in  equation  (3.6-2).  The  second  material  is  Quartz, 
which  is  used  to  model  solar  cell  coverglasses.  Its  sputtering  coefficient  is  also  given  by  equation 
(3.6-3).  The  third  material  modeled  was  Silicon.  Its  sputtering  coefficient  was  derived  from 
laboratory  data  collected  by  Rosenberg  [1962]  and  shown  in  Figure  5.5.  Also  shown  is  a  linear  fit 
based  on  the  following  expression 

S  =  1.0577  xlO“^E -0.121 15  (5.6-1) 

In  all  cases,  the  sputtering  coefficients  used  are  for  Xenon  ions  striking  normal  to  the  surface.  As 
discussed  in  Chapter  3,  atoms  striking  at  different  impact  angles  have  been  observed  to  have  higher 
sputtering  coefficients  [Chapman  pg.  247].  At  the  present  time,  however,  the  angular  dependence 
for  Xenon  sputtering  Silver,  Quartz,  and  Silicon  is  unknown  and  can  not  be  included  in  the  surface 
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interaction  model.  As  a  result,  this  surface  model  may  underpredict  the  actual  erosion  rate.  Better 
experimental  measurements  of  the  sputtering  coefficient  are  needed  to  improve  the  sputtenng 
coefficients  used  in  the  surface  model  and  include  the  effects  of  different  ion  impact  angles. 

5.7  Summary 

In  summary,  a  three  dimensional  PIC-DSMC  simulation  has  been  constructed  based  on  the 
observation  that  the  plume  is  a  quasi-neutral,  unmagnetized  plasma  in  which  the  electrons  are 
effectively  collisionless.  The  basic  algorithm  is  the  same  one  used  for  axisymmetric  simulations, 
and  a  variety  of  different  coUisional  phenomena  are  included  in  the  model.  An  SPT-100  thruster  is 
simulated  using  an  empirical  source  model  which  is  based  on  experimental  data.  This  primary 
difference  between  this  model  and  the  axisymmetric  model  is  that  the  presence  of  the  cathode  can 
be  directly  modeled  in  a  3D  geometry.  A  surface  interaction  model  has  also  been  developed  for  the 
3D  simulation.  This  model  is  fully  integrated  into  the  plume  simulation  and  predicts  the  erosion 
rate  for  materials  placed  in  the  plume  region.  The  final  simulation  was  written  in  ANSI  C,  and 
simulations  were  conducted  on  Digital,  IBM,  and  Hewlett-Packard  workstations  with  96-256 
Megabytes  of  RAM.  Run  times  were  typically  12-15  hours  for  the  three  dimensional  geometries. 
A  major  advantage  of  the  three  dimensional  model  is  that  it  runs  significantly  faster  than  previous 
models  and  can  mn  on  a  workstation  class  computer.  The  relatively  fast  turn  around  time  may 
allow  spacecraft  designers  effectively  evaluate  realistic  spacecraft  designs. 
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Figure  5.1:  Model  of  a  Communications  Satellite  on  a  3D  Embedded  Mesh 
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Figure  5.3:  Weighting  Factors  in  Three  Dimensions 

Fractions  indicate  weighting  factor. 

Weighting  factor  =  l/(fraction  of  volume  around  node  from  which  charge  can  be  collected) 
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Figure  5.4:  Vectors  Specifying  Orientation  of  Hall  Thruster 
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Figure  5.5:  Sputtering  Coefficient  for  Silicon,  Measured  and  Fit 
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Chapter  6:  Three  Dimensional  Results  and  Discussion 

A  three  dimensional  PIC-DSMC  model  of  an  expanding  plasma  plume  has  been  constructed 
and  used  to  simulate  the  plume  of  a  Hall  Thruster.  The  simulation  is  named  quasiS  and  is  used  to 
produce  three  dimensional  simulations  of  Hall  Thrusters  operating  in  space,  on  the  ground,  and  as 
part  of  a  realistic  model  of  a  geosynchronous  communications  satellite.  The  model  has  been 
verified  against  experimental  data  and  against  results  from  the  axisymmetric  plume  simulation. 

This  chapter  presents  results  from  the  three  dimensional  plume  simulation  quasiS  and  discusses 
them  in  some  detail.  Section  1  shows  results  of  simple  comparisons  to  experimental  data  and  to 
results  from  the  axisymmetric  simulation  and  section  2  presents  the  results  of  simulations  of  a 
thruster  mounted  on  a  typical  geosynchronous  communications  satellite. 

6.1  Comparisons  to  Experiment  and  to  Axisymmetric  Results 

As  was  discussed  in  Chapter  5,  quasiS  is  based  on  the  same  quasi-neutral  PIC-DSMC  model 
used  in  the  axisymmetric  plume  model.  This  algorithm  was  validated  in  the  axisymmetric 
geometry  through  direct  comparison  to  experimental  data.  Once  the  basic  method  was  verified  and 
understood,  the  model  was  expanded  to  three  dimensions  for  use  in  simulating  realistic  spacecraft 
geometries.  To  check  if  any  bugs  had  been  introduced  during  the  conversion  from  the 
axisymmetric  geometry  to  three  dimensions,  quasiS  was  verified  through  comparison  to  the  same 
ion  current  density  data  shown  in  Chapter  4.  Comparisons  were  also  made  to  the  results  from  the 
axisymmetric  simulation.  This  not  only  helps  to  isolate  problems  in  the  code,  but  also  verifies  that 
our  results  are  geometry  independent. 
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n,e  geometry  used  to  verify  quasi3  is  relatively  simple  and  is  shown  tn  Ftgure  6.1  A  stngle 
thruster  is  mounted  on  a  box  in  a  three  dimensional  Cartesian  domain.  The  dtmenstons  of  the 
domain  are  2  5  m  X  2  5  m  X  1 .6  m  in  the  X,  y,  and  z  directions  respectively.  The  box  on  wh.ch  the 

lrr:rmoun:dtsacube0.2m.ongh,eachditnension.Asing.^ 

front  of  the  thruster  exit.  It  has  dimensions  of  0.5  m  x  0.5  m  x  0.4  m.  Each  gnd  «11  tn  the 
domain  is  10  normalized  units  wide,  so  the  top  level  mesh  is  24  ceUs  x  24  cells  x  cells  m 
dimension.  To  faciUtate  comparisons  to  experimental  and  axisymmehic  data,  the  ton  curmnt 
density  in  the  simulation  was  measured  using  a  “virtual  surface”  suntlar  to  the  one  descnbed  tn 
Chapter  3  The  flux  of  ions  passing  though  a  hemisphere  centered  on  the  thruster  extt  (typtcal  y 
with  a  radius  of  0.6  m  or  1.0  m)  was  recorded  and  used  to  determine  the  ion  current  denstty  as  a 
funcuon  of  angle  from  the  centerline.  The  flux  recorded  was  an  average  flux 
directions,  so  as^metries  in  the  plume  do  not  appear  in  the  ion  current  denstty  r^u  ts.  ^s  was 
necessary  to  ensure  that  enough  panicles  were  sampled  at  alt  angles  to  give  stansneally  vahd 
results.  The  presence  of  background  gas  was  simulated  using  the  same  techniques  us^n  the 
axisymmetric  simulation  (as  described  in  Section  4.2).  Each  simulation  was  run  for  30W 
umcsteps  using  a  timestep  of  0.1  normalized  units.  This  allowed  the  simulation  to  reach  steady 
state  in  which  the  ion  ciuient  density  distribution  no  longer  varied  with  the  number  onterauons. 
Unless  otherwise  suted,  each  individual  tun  look  from  12-20  hours  of  ran  nme  on  a  Digi 
Alphasiation,  IBM  RS  6000  workstation,  or  HP  workstation  with  96-256  megabytes  of  memory,. 

Fiaures  6.2, 6.3,  and  6.4  show  several  plots  of  the  ion  current  density  60  cm  from  the 
esc  rtf  0  0  V  10-6  Tntr  2  5  X  10'^  Torr,  and  6.3  x  10"^  Torr  respectively. 

thruster  exit  at  pressures  of  2.2  X  10'^  lorr,/. ox  lu  lu  ,  ,  z  i  ,4  “on’n  t. 

Three  types  of  results  are  overlaid  on  each  graph:  a  set  of  axisymmetnc  results  (marked  as  2D  ), 
set  of  three  dimensional  results,  and  experimental  data  from  Manzella  [1995].  The  simulated 
results  agree  very  well  with  each  other  and  confirm  that  the  change  from  an  axisymmetnc  to  a  three 
dimensional  geometry  has  not  significanUy  affected  the  simulation.  Both  sets  of  results  show  goo 
aoreemeni  with  data,  again  matching  to  within  a  factor  of  2-3  across  the  domain.  The  very  g 
le'vel  of  agreement  between  the  axisymmetric  and  3D  results  across  a  range  of  pressures  verifies 
that  the  two  simulations  are  modeling  the  same  basic  physics  and  givmg  the  same  basic  results. 

Simulations  were  also  made  of  the  SPT  thruster  operating  in  vacuum.  Figure  6.5  is  a 
contour  plot  of  the  charge  density  in  the  plume  region.  The  plume  itself  is  quite  symmetnc,  and 
does  not  exhibit  three  dimensional  effects.  However,  Figure  6.6  shows  the  neutral  density  in  the 
plume  region.  The  neutral  density  distribution  is  clearly  skewed  to  one  side  of  the  plume.  This 
asymmetry  is  caused  by  the  presence  of  the  hoUow  cathode  at  the  right  of  Figure  6.6.  A 
substantial  fracuon  of  the  neutrals  in  the  plume  ate  emitted  by  the  hoUow  cathode  and  ate  direct^ 
towards  the  cenetline.  They  form  an  asymmetric  disuibnuon  in  space  which  then  mteracts  wit 
the  ions  in  the  plume  through  CEX  collisions.  Although  the  neutrals  also  have  an  non-symmetnc 
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velocity  distribution,  the  ions  in  the  plume  still  form  a  symmetric  structure.  The  reason  for  this  is 
apparent  in  Figure  6.7.  Figure  6.7  is  a  phase  plot  of  the  x  and  z  velocities  of  particles  in  the  plume 
region.  The  neutral  velocity  is  generally  much  less  than  the  velocity  of  ions  in  the  plume.  As  a 
result,  CEX  ions  pick  up  most  of  their  velocity  from  the  electric  field  in  the  plume  region.  As  was 
discussed  in  Chapter  4,  most  CEX  coUisions  occur  in  a  relatively  small  region  directly  in  front  of 
the  thruster  and  near  the  thruster’s  centerline.  Since  the  electric  field  is  generally  axisymmetric  with 
respect  to  the  thrust  vector,  the  CEX  ions  are  accelerated  in  all  directions  and  rapidly  acquire  a 
nearly  symmetric  velocity  distribution.  This  produces  a  charge  distribution  which  is  symmetric  in 
space  even  through  the  neutrals  have  an  asymmetric  distribution. 

An  interesting  numerical  observation  is  that  the  number  of  particles  per  cell  varies  very 
differently  in  3D  and  axisymmetric  particle  simulations.  In  an  axisymmetric  simulation,  if  a  gas 
has  a  uniform  density,  the  number  of  particles  per  cell  is  proportional  to  the  square  of  the  radius. 

If  the  density  in  the  plume  falls  as  l/r2,  the  two  effects  cancel  and  the  number  of  parucles  per  ceU  is 
approximately  equal  across  the  domain.  In  a  3D  particle  simulation,  if  a  gas  is  of  uniform  density, 
the  number  of  particles  per  cell  is  constant.  Therefore,  if  the  density  of  a  plume  falls  as  l/r2,  the 
number  of  particles  per  cell  also  falls  as  l/r2.  This  creates  problems  with  trying  to  maintain  a 
minimum  number  of  particles  per  cell  throughout  the  domain.  In  the  results  shown  in  Figure  6.2- 
6.7.  the  number  of  particles  per  cell  varies  drastically  from  1600  per  ceU  in  the  core  of  the  plume  to 
less  than  5  per  cell  at  the  edges  of  the  domain.  TraditionaUy,  both  PIC  and  DSMC  schemes  require 
10  particles  per  ceU  to  retain  statistical  accuracy.  However,  when  the  3D  results  created  with  3- 
1 600  particles  per  ceU  are  compared  to  axisymmetric  results  produced  with  20-2000  particles  per 
cell,  the  results  are  virtually  identical.  Note  that  the  ceUs  with  the  fewest  particles  in  the 
axisymmetric  simulation  are  near  the  centerline  while  those  with  the  fewest  particles  in  the  3D 
simulation  are  near  the  edges  of  the  plume  region.  The  fact  that  the  axisymmetric  and  3D  results 
correlate  so  weU  indicates  that  having  less  than  10  particles  per  ceU  at  the  edges  of  the  plume  does 
not  affect  the  accuracy  of  the  simulation.  This  is  believed  to  be  the  case  because  most  of  the 
important  physics  is  occurring  in  the  center  of  the  plume,  where  the  majority  of  the  CEX  collisions 
are  created  and  accelerated  towards  the  edges  of  the  plume.  Particles  at  the  outside  edges  of  the 
plume,  on  the  other  hand,  undergo  relatively  few  colUsions  and  foUow  almost  baUistic  trajectories. 
Based  on  these  results,  we  conclude  that  the  3D  particle  simulation  is  fairly  robust  with  respect  to 
the  number  of  particles  per  cell  in  the  domain.  Therefore,  while  we  maintain  a  large  number  of 
particles  per  cell  in  the  core  of  the  plume  (hundreds  to  thousands),  we  exercise  some  latitude  in  the 
outer  parts  of  the  3D  simulation.  In  cases,  fewer  than  5  particles  per  cell  are  maintained  at  the 
edges  of  the  computational  domain.  To  determine  the  sensitivity  of  the  simulation  to  the  number  of 
particles,  a  simulation  was  run  with  a  very  large  number  of  particles  on  the  geo-spacecraft 
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configurauon  discussed  iu  the  next  section.  As  we  shall  see  below,  the  number  of  particles  had  no 
effect  on  results  produced  by  the  simulation). 

6.2  Simulation  of  Realistic  Satellite  Geometry 

The  main  benefit  from  developing  a  three  dimensional  simulation  rs  that  it  can  be  usrf  to 

evaluate  more  realistic  geometries  than  can  be  considered  in  an 

pm^nt  time,  one  of  the  appUcations  tiiat  designers  am  most  mterested  m  for  * 

U  in  North-South  stationkeeping  for  geostationary  commumcations  satelhtes  Thmsters  on 
satelhte  of  this  type  would  be  oriented  on  the  North  and  South  faces  of  a  satelhte  (as  shown  m 
Firr6.8)  and  fiLd  in  groups  to  apply  Av  without  changing  the  satellim’s  onentatron  with  respect 

to  the  Earth.  Qua^iS  was  used  to  smdy  the  effect  that  the  plume  of  an  SPT-100  thruster  wou 

have  on  a  sateUite  when  used  for  North-South  stationkeeping. 

The  smdy  was  conducted  on  a  generic  geo-comsal  geometry  loosely  based  on  an  Intelsat 
satellite  configuration.  Tins  configuration  is  shown  in  Figure  6.9.  -me  sateUire  configurauon 
shown  consists  of  a  Bus,  Yoke  and  Solar  array  located  on  a  3.2  m  x  4.4  m  x  3.2  m  dommn 
discretized  into  25  x  35  x  25  cells.  Each  cell  is  12  normalized  units  (0.126  m)  long  on  each  side. 

The  section  of  bus  shown  has  dimensions  of  1 . 1  m  x  1  m  x  2.6  m  and  represents  a  quarter  of  the 
spacecraft’s  main  bus.  A  1 .9  meter  yoke  connects  the  bus  to  the  end  of  a  solar  array^  The  may  is 
1  14  meters  wide  and  continues  for  up  to  14  m  off  the  top  of  the  domain.  Only  the  bottom  1.5 
meters  of  the  array  are  included  in  the  simulation  because  this  area  it  tiioughi  to  expenence  the  most 
degradation  due  to  plume  interaction  effects.  The  SPT-100  thruster  is  mounted  at  the  edge  of  the 
bu!  under  the  edge  of  the  solar  array  as  shown  in  Figure  6.9.  The  thruster’s  orienuition  is  vaned 
during  the  simulation  based  on  two  parameters:  a  cant  angle  and  an  array  angle.  These  angles  are 
defined  as  shown  in  Figure  6. 10.  The  eanl  angle  is  the  angle  between  the  thrust  vector  and  the 
vertical  axis.  Lower  cant  angles  beuer  orient  the  thrusters  for  N-S  stationkeeping  and  higher  cant 
angles  cause  an  effective  loss  of  Isp.  The  array  angle  is  defined  as  the  solar  panel’s  angle  relative 
,0  an  imaginaiy  fine  connecting  the  yoke  to  the  thruster.  On  a  real  spacecraft,  the  posmon  of  the 
thruster  is  fixed  and  the  array  mms  with  respect  to  the  thrusler.  In  our  model,  the  requirement  that 
obiects  be  grid  conforming  means  that  the  array  can  only  be  mmed  in  90  degree  increments. 

Rather  than  trying  to  simulate  an  array  turned  45  degrees  with  respect  to  the  thnister,  we  simulate 
inteimediale  array  angles  by  moving  the  thruster  with  respect  to  the  array.  This  is  shown,  for 
instance,  in  Figure  6.1 1  where  the  thruster  is  placed  at  a  position  45  degrees  away  from  the  array 
to  simulate  an  airay  turned  45  degrees  with  respect  to  the  thnister.  This  allows  us  to  effectively 
simulate  a  rotating  array  and  still  create  a  grid  confomiing  bodies.  As  the  array  angle  increases  to 
45  degrees,  the  end  of  the  plume  tends  to  get  cut  off  by  the  side  of  the  domain  in  the  z  direction. 

To  avoid  cutting  off  the  end  of  the  plume,  the  size  of  the  computational  domain  was  increased  from 
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(25  X  35  X  25)  to  (25  x  35  x  35)  ceUs.  This  provides  the  plume  with  enough  room  to  expand  and 
develop,  as  shown  in  Figure  6.1 1. 

All  simulations  were  run  for  15000  time  steps  with  a  time  step  of  0. 1  normalized  umts.  Each 
individual  run  took  from  12-20  hours  on  a  Digital  Alphastation,  ffiM  RS  6000  workstation,  or  HP 
workstation  with  96-256  megabytes  of  memory.  The  potential  of  the  entire  surface  of  the  array 
was  fixed  at  -92  volts  relative  to  the  center  of  the  plume.  A  real  array  would  be  covered  by  cells 
with  potentials  that  vary  from  0  to  92  Volts.  Setting  the  entire  surface  to  -92  V  therefore  represents 
a  worst  case  in  which  all  parts  of  the  array  are  assumed  to  sit  at  a  relatively  negative  potenual  with 
respect  to  the  spacecraft  The  proper  way  to  determine  the  potential  of  the  array  would  be  to 
determine  the  potential  of  the  spacecraft  as  a  whole  relative  to  the  plasma.  This  would  require 
“closing  the  loop”  on  the  current  collected  and  emitted  by  the  spacecraft  as  a  whole,  which 
introduces  a  new  set  of  time  and  length  scales  to  the  problem.  Fully  closing  this  loop  has  never 
been  done  and  is  probably  beyond  the  capability  of  current  computing  workstations.  We  therefore 
choose  to  fix  the  arrays  at  a  set  potential. 

A  cant  angle  of  45  degrees  and  an  array  angle  of  45  degrees  were  chosen  as  the  spacecraft’s 
basehne  configuration.  Figure  6.1 1  shows  this  configuration  overlaid  by  a  surface  of  constant 
potential.  The  plume  is  clearly  visible  as  a  cone  emerging  from  the  top  of  the  bus  and  oriented 
away  from  the  solar  array.  Figure  6.12  shows  a  contour  plot  of  ion  current  density  on  the  face  of 
the  array  nearest  to  the  plume.  Although  the  plot  is  noisy,  a  small  but  noticeable  flux  of  ions  is 
clearly  reaching  the  surface  even  though  the  thruster  is  oriented  away  from  the  array.  As  one 
would  expect,  the  area  of  highest  flux  is  in  the  comer  of  the  array  which  sits  closest  to  the  anode 
exit.  Very  little  current  reaches  the  lower  or  upper  left  comers  of  the  array.  Figure  6. 13  is  a 
contour  plot  showing  the  energy  of  ions  striking  the  surface  of  the  array.  It  shows  that  the  ions 
with  relatively  high  energies  are  actually  striking  the  upper  right  comer  of  the  array,  while  ions 
with  relatively  low  energy  strike  the  comer  nearest  to  the  thmster.  This  occurs  because  high 
energy  ions  follow  relatively  sU-aight  trajectories  and  do  not  turn  far  enough  to  strike  the  lower  part 
of  the  array.  CEX  ions,  on  the  other  hand,  have  a  small  turning  radius  and  are  easily  influenced  by 
electric  fields  at  the  edge  of  the  plume.  These  ions  turn  quite  sharply  and  end  up  striking  the 
bottom  of  the  array. 

As  discussed  in  section  6.1,  fewer  than  10  particles  per  cell  are  present  in  many  parts  of  the 
domain,  and  as  httle  as  3  particles  per  cell  are  present  at  the  edges  of  the  domain.  This  is  less  than 
is  traditionally  permitted  in  PIC  and  DSMC  simulations.  To  evaluate  the  impact  that  the  number  of 
particles  has  on  the  results  from  the  simulation,  a  simulation  was  carried  out  in  which  the  number 
of  particles  in  the  simulation  was  quadrupled  across  the  domain.  This  simulation  took  several  days 
to  complete  and  required  256  megabytes  of  memory.  Figures  6.14-6.16  shows  the  estimated  ion 
current  and  energy  distribution  of  ions  in  the  plume  and  striking  the  face  of  the  solar  array.  The 
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results  in  Figure  6. 14  are  virtually  identical  and  impossible  to  distinguish  from  each  other.  The 
results  in  Figures  6.15  and  6.16  are  much  smoother  than  those  in  shown  in  Figures  6.12  and  6.13. 
However,  the  two  sets  of  results  are  otherwise  very  similar  to  each  other.  On  the  basis  of  this 
comparison,  we  conclude  that  the  results  are  insensitive  to  the  number  of  particles  used  m  the 
simulation,  even  though  fewer  than  10  particles  per  ceU  are  present  in  some  parts  of  the  domam. 

This  is  beUeved  to  be  the  case  because  most  of  the  important  physics  is  occurring  in  the  center  of 

the  plume,  as  discussed  at  the  end  of  section  6.1. 

Figures  6.17, 6.18,  and  6.19  show  the  calculated  erosion  rates  for  Silver,  Silicon,  and 

Quartz  surfaces  of  the  array  in  the  baseline  configuration.  All  materials  are  assumed  to  sit  at  -92 
volts  with  respect  to  the  center  of  the  plume.  These  figures  show  that  a  noticeable  and  potentially 
significant  amount  of  erosion  wUl  occur  to  interconnectors  and  coverglasses  on  the  solar  array.  As 
one  would  expect,  the  highest  erosion  rates  occur  on  surfaces  closest  to  the  thruster.  Silver  in 
particular  has  an  erosion  rate  greater  than  1  micron  per  month  in  some  parts  of  the  array.  Quartz 
glass  shows  the  next  highest  erosion  rate,  about  0.4  microns  per  month,  and  silicon  is  the  most 
sputter  resistant  material,  with  a  maximum  rate  of  only  0.142  microns  per  month.  The  actual  ^ea 
over  which  these  high  rates  occur  is  relatively  small,  covering  an  area  of  no  more  than  0.25  m  .  In 
addition,  it  should  be  noted  that  these  surfaces  are  being  held  at  a  negative  potential  with  respect  to 
the  plume.  One  obvious  way  to  lower  the  peak  erosion  rate  is  to  bias  ceUs  at  the  comers  of  the 
array  positive  with  respect  to  the  spacecraft.  This  would  lower  the  energy  of  ions  striking  the 
surface  of  the  array  and  help  mitigate  sputtering  losses.  Another  approach  would  be  place  a  plume 
shield  near  the  plume  to  deflect  ions  away  from  the  array.  This  approach  might  be  quite  effective, 

though  it  could  also  incur  substantial  mass  penalties. 

'canting  the  thmster  away  from  the  sateUite’s  N-S  axis  lowers  the  thmster’s  effective  Isp,  so 
it  is  desirable  to  use  as  small  a  cant  angle  as  practical.  To  investigate  the  effects  of  changing  the 
cant  angle,  simulations  were  run  with  thruster  cant  angles  varying  from  0  to  45  degrees.  Figure 
6.20  shows  the  simulated  erosion  rate  of  silver  on  the  same  surface  shown  in  Figure  6.17,  but 
with  the  thmster  canted  at  only  30  degrees.  The  15  degree  change  of  angle  has  a  significant  impact 
on  the  erosion  rates  on  the  array.  Not  only  is  the  peak  sputtering  rate  more  than  3  times  higher 
than  in  Figure  6.17,  but  the  area  over  which  damage  occurs  extends  much  farther  up  the  side  of  the 
array.  A  plume  shield  would  almost  certainly  be  required  to  limit  damage  to  the  array.  Figure  6.21 
shows  the  sputtering  rate  of  silver  on  the  same  surface  with  a  cant  angle  of  zero  degrees.  The 
erosion  rate  is  now  over  an  order  of  magnitude  higher  than  in  Figure  6. 17,  and  is  clearly 
unacceptable.  The  area  of  maximum  damage  now  extends  up  the  array  to  the  end  of  the 
computational  domain.  The  damage  would  certainly  extend  further  if  the  domain  continued  to  the 
end  of  the  array.  These  results  show  the  necessity  of  canting  EP  devices  away  from  the  NS  axis  of 
the  spacecraft  to  prevent  damage  to  the  solar  arrays.  Although  this  cantmg  is  required  to  prevent 
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damage  to  the  array,  it  is  also  lowers  the  thruster’s  effective  specific  impulse  by  the  cosine  of  the 
cant  angle.  This  loss  must  be  considered  when  using  these  thrusters  on  the  spacecraft. 

As  the  satellite  orbits  around  the  Earth,  the  array  rotates  about  the  satellite  s  N-S  axis  so  it 
will  always  point  direcUy  at  the  Sun.  This  changes  the  orientation  with  respect  to  the  thruster  by 
changing  the  array  angle.  Unlike  chemical  thrusters,  which  undergo  relatively  short,  impulsive 
bums.  Hall  Thrusters  must  operate  for  many  hours  at  a  time  to  maintain  a  satellite’s  position  in 
orbit  The  thruster  will  therefore  see  the  array  from  a  range  of  different  orientations  during  the 
course  of  its  operation.  To  examine  the  effect  that  the  array  angle  has  on  the  interaction  between 
the  plume  and  the  surface  of  the  array,  simulations  were  also  carried  out  over  a  range  of  different 
array  angles.  The  different  cant/array  angle  combinations  simulated  are  shown  in  Table  6.1. 


Cant  Angle 

Array  Angle 

0 

0 

0 

15 

0 

45 

0 

90 

15 

0 

15 

15 

15 

45 

15 

90 

30 

0 

30 

15 

30 

45 

30 

60 

30 

75 

30 

90 

45 

0 

45 

15 

45 

30 

45 

45 

45 

60  • 

45 

75 

45 

90 

Table  6.1:  Cant/Array  Angles  Simulated  in  3D 

(All  entries  in  units  of  degrees) 

Figure  6.22  shows  the  spacecraft  configuration  used  to  simulate  array  angles  greater  than  45 
degrees.  The  array  has  been  turned  90  degrees  with  respect  to  Figure  6.9  so  the  array  angle  shown 
is  90  degrees.  The  array  is  the  same  size  as  that  shown  in  Figure  6.9,  but  now  the  entire  width  of 
the  array  is  located  on  the  domain.  Figures  6.23  and  6.24  show  the  simulated  ion  flux  and  silver 
erosion  rates  on  the  array  at  a  cant  angle  of  45  degrees  and  an  array  angle  of  90  degrees.  The  area 
shown  is  twice  as  large  as  that  shown  in  Figure  6.12.  As  one  would  expect,  the  ion  flux  is  lower 
than  that  shown  in  Figure  6.12  because  the  array  is  farther  away  from  the  thruster  exit.  The  area  of 
maximum  ion  flux  and  sputter  damage  is  in  the  bottom  center  of  the  array,  which  is  the  portion  of 
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.  u  .1,  ct.r  Thp  dark  SDOt  in  the  center  of  the  bottom  axis  is  due  to  the 

amy  closed  to  ^  Uie  yoke  (see  Chapter  5). 

rh^—ratesares..— 

rrd:rc=ea™---o---— ^ 

zero  degrees.  Although  th  .n,;^  <^„s  because  the  ions  leaving  the  thruster  are  moving 

not  physically  accurate  and  reveals  some  of  the ^ 

method.  When diearrayangleis zero  . 

TalTl  1^'  XgTcnh  wdw  regimes  in  the  vicinity  of  the  plate:  a  l^ing  edge  region 
::.::ayaelelopedshea..ay.^ 

These  regimes  are  shown  in  igu  •  ^  formation  of  an  expansion 

the  plate  acts  as  a  sink  to  P^dtl-Meyer  expansion  of  supersonic  gas  around  a 

surface  potential  and  has  a  uniform  densUy  given  hy^  ^  ^ 

resulting  current  is  about  2x1  >  •  u  n-  c  94  However  expression  (6.2-1) 

•  1  franc  Thf>  rosult  is  thcrofore  coosistent  With  Figuro  6.24.  Howover,  oxpic 
our  simulations.  1  he  resuii  u„c  nrat  vet  had  time  to  develop. 

r rcrrsrr  *:.:r=i'a 

From  Wang,  L2  is  given  by 

Where  Mu  rsthefreesueamionmachnumUand^istheno^^ 

fixed  at  a  potential  of  -96  V  relative  to  the  cote  of  the  plume,  2  1 .5  m  long,  the 

angle  and  array  angle  are  both  zero.  Since  the  ^  showed  that  the  fiux  to  the 

bottom  two  thirds  of  the  simulated  array  acts  as  e  .<6  2  11  This  effect  is  not  captured 

leading  edge  can  be  many  times  higher  than  the  flux  gtven  by  X 

in  our  stmulatton  because  dte  increased  fiux  ts  a  ^  thruster 

are  therefore  invalid  when  the  array  angle  U  zero  and  tt  ™  ^  is 

when  the  array  angle  is  zero.  Results  for  other  array  angles  are  not  affect 


197 


valid  on  the  front  of  the  array,  where  the  plume  directly  impinges  on  the  array,  but  invalid  m  the 
low  density  wake  region. 

Spacecraft  designers  are  most  interested  in  the  relationship  between  the  cant  angle,  array 
angle,  and  the  erosion  rates  experienced  on  the  array.  A  cant  angle  of  zero  degrees  is  clearly 
unacceptable,  for  instance,  while  a  cant  angle  of  45  degrees  is  probably  quite  acceptable  in  most 
array  orientations.  Simulations  conducted  at  different  cant  and  array  angles  can  be  used  to  produce 
a  map  of  the  relationship  between  the  array  angle,  cant  angle,  and  erosion  rates  on  the  array.  Since 
it  would  take  a  long  time  to  completely  fill  out  the  parameter  space,  we  have  taken  results  from  the 
runs  listed  in  Table  6.2  and  extrapolated  to  different  cant  and  array  angles  using  weighted  averages 
based  on  1/distance  squared  weighting  factors.  Figures  6.28  and  6.29  show  the  results  of  these 
calculations.  Figure  6.28  shows  the  erosion  rate  experienced  by  the  lower  right  comer  of  the  solar 
array  (i.e.  the  part  of  the  array  closest  to  the  thraster  when  the  array  angle  is  90  degrees).  Figure 
6.29  shows  the  erosion  rate  experienced  at  a  point  20  centimeters  from  the  bottom  of  the  array  and 
20  centimeters  from  the  side  of  the  array,  or  about  30  cm  away  from  the  lower  right  comer.  The 
values  on  this  graph  are  extrapolated  from  a  total  of  21  data  points  as  shown  in  Table  6.2.  The 
upper  left  comers  of  these  graphs  are  significantly  undersampled,  but  this  regime  is  not  generally 
of  interest  to  spacecraft  designers.  As  one  would  expect,  lower  cant  angles  and  array  angles  result 
in  significantly  higher  erosion  rates.  In  fact,  the  erosion  rate  varies  by  more  than  2  orders  of 
magnitude  over  the  parameter  space. 

It  is  clear  that  silver  interconnectors  will  undergo  some  erosion  over  the  lifetime  of  the 
satellite.  The  allowable  cant  and  array  angles  for  this  configuration  depend  on  the  acceptable 
erosion  rate  and  the  amount  of  time  the  array  will  be  exposed  to  the  plume  from  the  SPT  thmsters. 
Determining  these  rates  requires  some  assumptions  about  the  satellite  s  configuration  and  duty 
cycle.  As  a  baseline  case,  we  assume  that  the  thmster  is  being  used  for  N-S  stationkeeping  on  a 
2000  kg.  satellite  in  GEO  with  a  lifetime  of  12  years.  The  total  Av  required  over  the  lifetime  of  the 
satellite  is  about  617  m/s  [Larson  and  Wertz  pg.  151].  We  also  assume  that  a  total  of  four  thrusters 
are  mounted  on  the  satellite,  two  on  each  side  as  shown  in  Figure  6.27.  Each  SPT-100  thmster 
produces  85  mN  of  thmst,  but  because  the  four  thmsters  are  canted  with  respect  to  the  array,  this 
value  must  be  multiplied  by  the  cosine  of  the  cant  angle.  The  highest  cant  angle  considered  is  45  . 
In  this  orientation,  the  SPT-lOO’s  effective  thmst  is  60  mN.  This  represents  the  worst  case  thmst, 
and  we  use  it  for  the  rest  of  this  analysis.  The  total  thmster  operation  time  can  be  calculated  using 
the  following  relationship. 

mAv 


The  thmsters  would  probably  be  fired  in  pairs,  so  the  effective  force  on  the  satellite  is  120  mN. 
The  resulting  operation  time  is  2852  hours,  or  4.0  months  of  continuous  operation  time.  The  solar 
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array  orientation  changes  continuously  as  the  satellite  travels  in  its  orbit  around  the  Earth.  Only 
one  side  of  the  array  is  sensitive  to  erosion  and,  as  shown  in  Figure  6.27,  while  half  of  the  array 
sits  at  an  array  angle  less  than  90°  while  the  other  half  of  the  array  sits  at  an  array  angle  greater  than 
90°.  Since  the  simulated  erosion  rates  are  very  small  at  array  angles  greater  than  90°,  each  half  of 
the  array  will,  on  average,  be  exposed  to  the  plume  only  half  of  the  time.  The  effective  exposure 
time  is  therefore  1426  hours,  or  about  2  months  of  operation  time. 

A  typical  solar  cell  interconnector  is  made  of  silver  and  is  about  25  microns  thick.  As  the 
interconnector  erodes,  the  resistance  in  the  connection  increases.  This  leads  to  power  losses  in  the 
array.  Assuming  that  losses  become  significant  when  about  10%  of  the  interconnector’s  thickness 
has  eroded  results  in  an  allowable  erosion  depth  of  2.5  microns.  This  translates  to  an  average 
erosion  rate  of  no  more  than  1.2  microns/month  on  silver.  Figures  6.28  and  6.29  show  the  cant 
and  array  angles  at  which  such  rates  can  be  achieved  on  the  baseline  spacecraft  configuration.  In 
Figure  6.28,  these  regions  are  relatively  small.  Even  at  a  c^t  angle  of  45  degrees,  array  angles 
less  than  about  60°  lead  to  unacceptable  erosion  rates  on  the  interconnectors.  Since  the  thruster 
does  not  need  to  be  operated  continuously,  it  should  be  possible  to  modify  the  thruster’s  duty  cycle 
so  it  will  only  operate  at  these  array  angles.  In  fact,  it  may  be  possible  to  push  the  cant  angle  down 
to  40  degrees  and  still  achieve  a  mean  erosion  rate  of  1.2  microns/month  by  operating  the  thruster 
for  short  periods  during  each  orbit. 

It  is  important  to  note  that  the  allowable  cant  and  array  angles  depend  strongly  on  the  area  of 
the  array  over  which  damage  is  allowed  to  occur.  Figure  6.29  shows  the  erosion  rate  30  cm.  away 
from  the  point  shown  in  Figure  6.28.  The  erosion  rates  here  are  quite  a  bit  lower  because  the  point 
is  farther  away  from  the  thruster.  The  necessary  mean  erosion  rate  can  clearly  be  achieved  at  40  . 
degrees  and  may  be  achievable  at  35  degrees  or  less  with  the  proper  duty  cycle.  If  a  plume  shield 
were  also  installed  on  the  spacecraft,  even  lower  cant  angles  may  be  achievable.  Though  the 
present  work  has  not  considered  the  effects  of  plume  shields,  the  simulation  has  the  capability  to 
model  very  simple  plume  shields.  This  should  be  considered  as  a  matter  for  future  work. 

Based  on  these  results,  a  desirable  range  of  operation  for  the  thrusters  would  be  at  cant 
angles  greater  than  40  degrees  and  array  angles  greater  than  50  degrees.  These  results  only 
consider  the  effects  of  the  plume  on  silver  interconnectors  and  depend  on  several  important 
assumptions.  Since  we  assume  that  the  entire  array  is  biased  at  -96  V  with  respect  to  the  thruster, 
portions  of  the  array  biased  at  more  positive  voltages  should  experience  lower  erosion  rates.  In 
addition,  the  interconnectors  are  typically  mounted  between  cells  and  may  be  partially  shielded 
from  the  plume  by  the  edges  of  the  cells.  On  the  other  hand,  since  the  model  does  not  consider  the 
effects  of  non-normal  impact  angles,  the  effective  erosion  rate  may  be  higher  than  calculated.  We 
also  neglect  the  relatively  small  amounts  of  erosion  which  occur  at  array  angles  greater  than  90 
degrees.  Although  quasiS  includes  models  for  the  degradation  of  solar  cell  coverglasses,  results 
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from  this  model  are  not  included  in  these  results.  As  indicated  in  Chapter  4,  the  present  model  can 
significantly  underpredict  the  erosions  rates  which  will  be  experienced  on  operational  arrays  and 
further  work  is  needed  to  improve  the  surface  model  to  give  accurate  measurements  of  the 
degradation  to  solar  cell  coverglasses. 

6.3  Summary 

The  axisymmetric  PIC-DSMC  model  presented  in  Chapters  3  and  4  has  been  successfully 
extended  to  three  dimensions  and  validated  though  comparison  to  experiment  and  to  results  shown 
in  Chapter  4.  The  model  has  been  applied  to  a  realistic  satellite  configuration,  and  the  results 
demonstrate  the  model’s  ability  to  evaluate  thrusters  placed  in  a  variety  of  different  orientations. 
The  work  shown  in  this  chapter  demonstrates  the  following  points. 

•  The  three  dimensional  PIC-DSMC  model  compares  favorably  to  experimental  data  and 
almost  exactly  duplicates  results  from  the  axisymmetric  simulation. 

•  The  flow  from  the  cathode  of  an  SPT-100  thruster  creates  an  axisymmetric  neutral  gas 
distribution,  but  has  little  effect  on  the  structure  of  the  plume  itself. 

•  The  PIC-DSMC  model  has  been  used  to  produce  the  first  ever  simulation  of  the  interaction 
between  the  plume  from  a  Hall  Thruster  and  the  surfaces  of  a  communications  satellite. 

•  The  PIC-DSMC  model  has  the  ability  to  evaluate  realistic  spacecraft  geometries  with  runs 
times  of  12-20  hours  on  workstation  class  machines.  This  opens  the  possibility  of  using 
the  model  for  spacecraft  design  work. 

•  A  thruster  s  cant  angle  has  a  strong  impact  on  the  erosions  rates  experienced  on  critical 
surfaces  like  solar  arrays.  In  practice,  thrusters  will  require  canting,  so  the  effective 
specific  impulse  of  the  SPT-100  thruster  will  be  lower  than  its  laboratory  value. 

•  The  cant  angle  can  also  be  used  to  limit  the  area  of  the  array  impacted  by  the  plume. 

•  Lifetime  erosion  rates  can  be  estimated  from  an  assumed  duty  cycle.  For  the  geometry 
studied  in  this  chapter,  cant  angles  of  greater  than  40  degrees  and  array  angles  of  greater 
than  50  degrees  appear  to  limit  erosion  damage  to  solar  cell  interconnectors.  Lower  cant 
angles  may  be  possible  with  properly  developed  duty  cycles  that  limit  operation  to  time 
when  the  array  angle  is  near  90  degrees  or  with  the  use  of  plume  shields. 

OveraU,  the  results  presented  in  this  chapter  verify  the  three  dimensional  PIC-DSMC  plume  model 
and  demonstrate  its  ability  to  evaluate  plume  interactions  on  realistic  spacecraft  geometries. 


Angle  (degrees) 


Figure  6.2:  Experiment,  2D,  and  3D  Simulations  of  Ion  Current  Density 

(z  =  60  cm,  P  =  2.2x  10-^  Torr) 


Figure  6.3:  Experiment,  2D,  and  3D  Simulations  of  Ion  Current  Density 

(z  =  60  cm,  P  =  2.5  X 10-^  Torr) 
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Figure  6.4:  Experiment,  2D,  and  3D  Simuiations  of  Ion  Current  Density 

(z  =  60  cm,  P  =  6.3  X  10-^  Torr) 
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Thruster  is  firing  upwards.  Solid  box  indicates  thruster,  hollow  box  indicates  embedded  grid. 
20  contours  are  spaced  logarithmically  from  1  x  10^  mr^  to  1  x  10^^  nr^ 

Figure  6.5:  Contour  Plot  of  Charge  Density  in  SPT-100  Plume  (3D) 

(Pressure  =  0  Torr) 
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Thruster  is  firing  upwards.  Solid  box  indicates  thruster  holhw  box  indicates  embedded  grtd. 

Figure  6.6:  Contour  Plot  of  Neutral  Density  in  SPT-lOO  Plume  (3D) 

^  (Pressure  =  0  Ton) 
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Z  Velocity  {m/s) 


Figure  6.7:  Phase  Space  Plot  (X  vs.  Z  Velocity)  of  SPT-100  Plume  (3D) 
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Figure  6.8:  Thruster  Orientation  for  North-South  Stationkeeping 

Adapted  from  Bo  go  rad  et  al.  [ 1 992 ] 
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Figure  6.10:  Definition  of  Cant  Angle  and  Array  Angle 
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Figure  6.12:  Ion  Current  Density  on  Solar  Array  (Array  45°,  Cant  45°) 
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Figure  6.13:  Mean  Energy  of  Ions  Striking  Solar  Array(Array  45°,  Cant  45°) 


Figure  6,14:  Ion  Current  Density  Calculated  w/  420,000  and  1,870,000  Particles 

(Standard  =  420,000  Particles,  High  Resolution  =  1.87  million  Particles) 
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Figure  6.16:  Mean  Energy  of  Ions  Striking  Solar  Array  Calculated  with 

1,870,000  Particles 

( Cant  45  Array  45  ”) 
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Figure  6.17:  Erosion  Rate  for  Silver  (Array  45°,  Cant  45  ) 
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Figure  6.19:  Erosion 
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Rate  for  Quartz  (Array  45°,  Cant  45°) 
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Figure  6.21:  Erosion  Rate  for 
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Figure  6.23:  Current  Density  (Cant  45°  degrees,  Array  90°) 
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Figure  6.25:  Ion  Current  Density  on  Solar  Array  (Array  0°,  Cant  30‘) 

(Plot  is  very  noise  because  current  shown  is  near  to  simulation’s  resolution  linut) 
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Figure  6.26:  Plasma  Flow  Field  Around  a  Plate  a  Zero  Angle  of  Attack 
Bus/Array  Angle  Bus/Array  Angle 


Plasma 


=> 


*^sheath 


Region  I 


SPT  Thruster 

•  Marker  (not  really  there) 


Front 


Rear 


Solar  Array 


Figure  6.27:  Solar  Array  Orientation  and  Array  Angle 
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Erosion  Rates  in  microns/month 


Figure  6.28:  Erosion  Rate  for  Silver  at  Corner  of  Array 

SPT-100  Thruster,  Mass  Flow  =  5.37  mg/sec.,  I^n  =  1610  sec., 
Yoke  Length  =  1.9  m,  Array  Width  =  1.14  m 
(Contours  extrapolated  from  at  total  of  21  points,  see  Table  6.1) 
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Figure  6.29:  Erosion  Rate  for  Silver  0.3  m  from  Comer  of  Array 

^  SPT-100  Thruster,  Mass  Flow  =  5.37  mg/sec.,  hp-  1610  sec., 

Yoke  Length  -1.9  m,  Array  Width  -  1.14  m 
(Contours  extrapolated  from  at  total  of  21  points,  see  Table  6.  ) 


Chapter  7  Conclusions 


A  computational  model  has  been  constructed  of  the  expanding  plasma  plume  from  an  SPT 
thruster.  The  model  is  based  on  theoretical  work  suggesting  that  the  plume  consists  of  a  quasi¬ 
neutral  plasma  with  collisionless  electrons  in  which  the  magnetic  field  can  be  neglected.  A  quasi¬ 
neutral  Particle  in  Cell-Direct  Simulation  Monte  Carlo  (PIC-DSMC)  plasma  model  is  used  as  the 
basis  for  the  simulation.  This  work  represents,  to  the  best  of  our  knowledge,  the  first  use  of  a 
combined  PIC-DSMC  model  in  any  application.  Both  axisymmetric  and  three  dimensional  models 
have  been  developed,  partially  validated  against  experimental  data,  and  shown  to  model  the  plume 
from  a  Hall  Thruster  accurately  oh  meter  length  scales.  The  methods  used  in  this  work  can  also  be 
applied  to  the  plumes  from  some  other  EP  devices  such  as  ion  thrusters  and  anode  layer  thrusters 
(though  the  full  DSMC  model  may  be  overkill  for  the  plume  from  an  ion  thruster).  The  next  two 
sections  summarize  and  review  the  various  findings  made  in  this  thesis.  They  describe  specific 
observations  made  of  the  plumes  from  Hall  Thrusters  and  outline  the  contributions  which  this 
thesis  makes  to  the  state  of  the  art  in  the  computational  modeling  of  plasmas  and  in  the 
understanding  of  spacecraft-plume  interaction  issues. 

7.1  Summary  of  Results 

A  quasi-neutral  PIC-DSMC  model  of  an  expanding  plasma  plume  has  been  developed  and 
implemented  for  axisymmetric  and  three-dimensional  geometries.  The  simulation  is  the  first 
comprehensive  model  of  the  plume  from  a  Hall  Thruster  and  its  interaction  with  the  surfaces  of  a 
spacecraft.  The  axisymmetric  version  of  the  PIC-DSMC  model  has  been  used  to  verify  the  PIC- 
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DSMC  method  and  to  simulate  an  SPT-100  operating  under  conditions  that  can  not  be  dupbeated  tn 
ground  experiments.  Based  on  comparisons  to  multiple  sources  of  expertmental  data,  the 
following  conclusions  have  been  reached. 

.  The  PIC-DSMC  model  accurately  simulates  the  large  scale  structure  of  ^  plume.  The 

model  has  excellent  agreement  with  ion  current  density  measurements  t^en  by 

Mt^Gallimote  at  flte  University  of  Michigan  and  fair  agteeraent  with  stimlar  data  taken 

.  ^^Uy  unable  to  model  details  of  the  ion  distribution  fuiKbon 

and  match  the  ion  current  density  distribution  at  the  same  time.  This  limitation  is  not  due  to 
Dhvsical  problems  in  the  simulation  but  is  due  to  assumptions  made  m  the  plasma  source 
model  In  particular,  a  higher  ion  temperature  is  used  in  the  present  source  model  to  the 
measired  experimental  value.  Some  aspects  of  the  experimental  data  ^e  mconsistent  wiA 
current  understanding  of  the  SPT-100  thruster,  and  detailed  theoretical  work  is  needed 

ion  cuirent  density  in  the  near  field  region  are  needed  to  improve  the  source  mode  . 
Zirrely,  bet rer  dieorcbcal  models  of  the  thruster  itself  could  be  used  to  unprove  the 

.  lie  eristog  experimental  data  may  need  to  be  examined  closely.  Beam  cun-ent  have  been 
reported  which  exceed  the  actual  discharge  cutrenl  and  some  RPA  data  appears  to  give  sp 

HiaVipr  than  actuallv  observed  in  SPT  thrusters. 

•  The  surface  interaction  model  accurately  models  the  erosion  of  sUver.  It  is  less  accurate 
^hen  appUed  to  solar  ceU  coverglasses  because  the  sputtering  coefficients  of  coverglasses 
have  not  been  reported  in  the  general  scientific  literature. 


Overall,  comparisons  with  experimental  data  serve  to  parUally  verify  the  basic  PIC-DSMC  me  o 
when  applied  to  plumes  from  Hall  Thrusters'.  The  weakness  with  the  exisung  method  is  that  e 
results  are  sensitive  to  the  quabty  of  the  SPT-100  plasma  source  model.  This  model  is  based  on 
experimental  data  taken  in  the  early  1980's  and  its  accuracy  is  limited  by  the  quabty  of  the  data 
itself.  Given  better  data,  it  may  be  possible  to  construct  better  source  models  that  give  better 
agreement  with  RPA  measurements.  The  sensitivity  of  the  results  to  the  source  model  has  not  been 
quanufied.  Fumre  work  should  be  conducted  to  improve  the  source  model  and  determme  the 

sensitivity  of  the  simulation  to  parameters  in  the  source  model. 

One  advantage  of  the  PIC-DSMC  method  is  that  it  can  be  used  to  make  detailed  studies  o  e 
structure  of  the  plume  region.  Based  on  such  studies,  the  following  conclusions  have  been  drawn. 

.  When  an  SPT.IOO  thruster  operates  in  vacuum,  the  majority  of  the  CEX  ions  are  created 
within  three  thruster  widths  of  the  channel  exit. 
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•  The  CEX  ions  form  a  wing  structure  to  the  si^  "r*! 

beam  has  a  high  divergence  angle.  As  a  result,  the  CK  wmg  merges  wim 

the  plume  region. 

FtnMly,  the  axisymmetric  model  has  been  used  to  simulam  an  SPT-lOO  Uuuster  o^^g  in  a  true 
vacuum,  this  matches  conditions  which  will  be  seen  by  thrusters  operating  on  GEO  comsats  and 
can  not  be  dupUcated  in  ground  based  tests.  The  Mowing  conclusions  are  reached. 

.  Ground  tests  may  significantty  overpredict  the  If 
though  tests  conducted  at  very  low  pressures  (-2  x  10-6  Totr)  may  accurately  rettect 

.  XTmsMmX":  by  approximately  an  order  of  magnimde  with  each  20  degrees  from 

.  mef^M  rSmps  with  the  square  of  the  distance  from  the  thruster  exit. 

A  three  dimensional  plume  model  has  also  been  constructed  based  on  the  quasi-neuM  PIC-DSMC 
method.  The  model  has  been  verified  through  comparison  to  the  axisymmetnc  suu^atton  and  has 
been  used  to  evaluate  the  erosion  damage  on  a  typical  GEO  comsat  configuration.  The  msults  of 
the  simulation  can  be  summarized  as  follows. 

Thpa  pir  nSMC  model  has  been  used  to  produce  the  first  ever  simulation  of  the  mteraction 

^es  S 15-20  hltintorlmtau^^  class  machines.  This  opens  the  poss.bdtq,  of  usmg 
•  A  A^tpfcUrMgirhwaTong  impact  on  the  erosions  rates  experienced  on  cnttcal 
.  emsM  be  effecUvely  estimated  by  —  a 

duty  cycles  that  limit  operation  to  time  when  the  array  angle  is  near  ^ 
use  of  plume  shields.  No  judgment  was  made  with  respect  to  coverg 

These  results  represent  the  state  of  the  art  in  Hall  ■nimster  plume  simulations.  Thm  work  is  e 
only  three  dimensional  Hall  Thruster  plume  study  made  to  date  and  is  the  first  pub  e  e 
model  the  effect  that  the  plume  has  on  the  surfaces  of  a  sateUite.  Overall,  our  results  show  to. 
erosion  damage  caused  by  Hall  Thrusmrs  is  manageable  and  should  no.  mpr^ent  a  bamer  to  ton 
use  on  commercial  and  miliury  spacecraft.  However,  tiie  tiuusters  will  either  have  to  be  can 
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away  from  sensitive  surfaces,  thus  lowering  their  effective  V  or  plume  shields  will  have  to  be 
used,  thus  imposing  a  mass  penalty  on  spacecraft  using  these  devices  for  propulsion. 

7  2  Contributions  to  the  State  of  the  Art 

The  work  presented  in  this  thesis  is  a  significant  contribution  to  the  modeling  of  spacecraft- 

nlume  inleracdons  and  to  the  numerical  simulation  of  plasmas.  TOs  work  represents  the  first  lime 
that  the  PIC  and  DSMC  algorithms  have  been  combined  to  produce  a  particle  model  of  a  plasma 
niume  which  includes  both  long  range  Coulomb  interactions  and  a  fuUy  developed  coUision  model 
and  used  to  model  problems  for  the  EP  community.  To  the  best  of  our  knowledge,  this  work 
tenresents  the  first  use  of  a  combined  PIC-DSMC  model  in  any  appUcanon.  Most  existing  parade 
rLc\s  for  coUisional  plasmas  are  based  on  the  PIC-MCC  method  which  do  not  explicitly  track 
both  colUsion  partners.  By  modeUng  and  tracking  the  effects  of  collisions  on  all  particles,  the  PIC- 
DSMC  method  extends  the  regimes  of  plasmas  which  can  be  effectively  modeled  using  parade 
methods.  The  PIC-DSMC  method  not  only  covets  the  regime  of  plasmas  coveted  by  convenuonal 
PIC-MCC  methods  but  also  include  plasmas  in  which  neutral-neutral  collisions  are  a  factor  and/or 
in  which  coUisions  effect  the  underlying  distribution  of  all  species  in  the  plasma  This  allows  one 
u,  model  the  plasmas  emitted  by  Hall  thnislers  in  the  course  of  their  operanon  and  to  model 
hypothetical  thrusters  with  higher  neutral  flow  rates.  The  main  limiution  on  the  PIC-DSMC 
method  is  that  it  can  not  presently  be  used  to  simulate  short  range  coulomb  colhsions.  This  brans 
dte  range  of  ion  densiUes  and  temperatures  which  can  be  modeled  using  this  method. 

In  addition,  the  model  presented  in  this  thesis  uses  the  assumption  of  quasi-neuttalily  to 
.really  enhance  the  speed  of  the  PIC  simulation.  WhUe  conventional  PIC  methods  solve  for  the 
dectrical  potential  by  inverting  Poisson's  equation,  we  assume  that  the  plasma  is  quasi-neutral  and 
determine  the  electrical  potential  by  inverting  Boltzmann's  rclauonship.  This  assumpuon  resu  is  in 
a  plume  model  which  requires  signifiednUy  fewer  calculations  than  any  previous  nuraencal  model 
of  the  plumes  emitted  by  Hall  or  Ion  thrusters.  Previous  models  of  three  dimensional  plume- 
spacecraft  interactions  required  days  of  computing  time  on  massively  parallel  machines.  TOe 
quasi-neutral  PIC-DSMC  model  used  in  this  work  simulates  equivalent  domams  with  only 
hours  of  computing  time  on  a  workstation  class  machine.  This  represents  a  significant  advance  in 
the  speed  of  numerical  models  of  plasma  plumes  and,  for  the  first  time,  opens  the  possibility  o 
using  a  particle  based  plume  simulation  as  a  spacecraft  engineering  design  tool.  The  quasi  neu  r 
assumption  precludes  the  use  of  the  simulation  in  some  regimes,  most  notably  in  wake  regions 
where  the  Debye  length  is  of  the  same  order  as  the  body  length  scale.  However,  as  detnonstrate 
in  this  work,  the  quasi-neutral  PIC-DSMC  method  is  able  to  model  the  dense  regtons  of  a  plas 
plume  which  are  of  greatest  interest  to  spacecraft  designers.  Since  the  methods  itself  ri  not 
application  specific,  the  qnasi-neutral  PIC-DSMC  method  can  also  be  used  to  simulate  p 
non-space  applications  such  as  semiconduaor  processing.  Overall,  the  compuuuon  me 
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presented  in  this  paper  extend  the  regime  of  plasmas  which  can  be  simulated  using  particle  methods 
and  greatly  increase  the  speed  of  particle  based  plasma  computations.  This  represents  a  significant 
advance  in  plasma  simulation  algorithms. 

This  work  also  represents  a  significant  advance  in  the  simulation  of  spacecraft-plume 
interactions,  particularly  with  regard  to  Hall  Thrusters.  Although  a  great  deal  of  experimental  work 
has  been  carried  out  on  HaU  Thrusters,  relatively  litUe  analytical  work  has  been  carried  out  on  the 
plumes  produced  by  these  devices.  The  few  models  which  do  exist  are  empirical  in  nature  and 
based  on  fits  to  experimental  data.  This  work  represents  the  first  comprehensive  numerical  model 
of  the  plume  from  a  Hall  Thruster.  Unlike  other  models,  our  simulation  models  the  fundamental 
physics  of  the  plume  region  including  CEX  collisions  and  collective  Coulomb  interactions.  This 
work  is  also  the  first  fully  three  dimensional  model  of  the  plume  from  a  Hall  Thruster  and  is  the 
first  pubUshed  effort  to  analyze  the  interaction  between  a  HaU  Thruster  and  a  realistic  spacecraft 
configuration.  Because  the  methods  used  in  this  work  are  valid  for  many  quasi-neutral  plasmas, 
the  simulation  can  also  be  used  to  model  other  EP  devices  such  as  TAL  and  ion  thrusters.  In 
summary,  this  work  provides  designers  with  a  prototype  computational  tool  that  can  predict  the 
interaction  between  the  surfaces  of  a  sateUite  and  the  plasma  plumes  produced  by  EP  devices.  As 
the  first  comprehensive  model  of  the  plume  from  a  Hall  thruster  and  the  first  three  dimensional 
plasma  plume-surface  interaction  model  which  can  run  on  workstation  class  machines,  it  represents 
a  significant  advance  in  the  modeling  of  plume-spacecraft  interactions. 

7.3  Recommendations  for  Future  Research 

This  work  raises  a  number  of  issues  with  respect  to  Hall  Thrusters  and  there  are  many 
improvements  which  can  and  should  be  made  to  improve  the  existing  simulation.  The  following 
issues  have  been  identified  as  areas  in  which  improvements  should  be  made  to  the  existing  model. 

•  Analysis  of  experimental  data  indicates  that  the  SPT-100  thruster  may  be  emitting  high 
energy  ions  at  relatively  high  divergence  angles.  These  ions  may  have  a  significant  impact 
on  exposed  surfaces.  The  mechanism  by  which  these  ions  are  created  needs  to  be  studied 
and  understood  and  the  ion  themselves  need  to  be  included  in  the  plasma  source  model. 

•  The  empirical  source  model  should  be  unproved  to  increase  the  level  of  agreement  between 
the  simulation  and  experimental  measurements.  The  present  model  consistently 
overpredicts  currents  along  the  centerline  and  requires  the  use  of  an  axial  ion  temperature 
that  is  inconsistent  with  existing  experimental  data.  It  should  be  possible  to  increase  the 
overall  accuracy  of  the  simulation  by  modifying  this  source  model.  Possible  approaches 
include  taking  better  measurements  of  the  current  in  the  near  field  region  or  incorporating  a 
theoretical  model  of  the  thruster  itself  into  the  plume  model. 

•  One  weakness  of  the  existing  model  is  that  it  depends  on  an  imperfect  plasma  source  model 
An  effort  might  be  made  to  quantify  the  sensitivity  of  the  plume  simulation  to  the  variations 
in  the  source  model.  This  could  be  accomplished  by  defining  plume  parameters  as 
functions  of  source  parameters.  Such  a  function  would  have  to  be  defined  empirically  and 
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would  be  highly  non-Unear.  However,  if  such  a  function  could  be  defined,  it  could  be 
linearized  a^d  Led  to  quantify  the  sensitivity  of  the  plume  to  small  vanations  m  the  source 

.  U  computational  resources  become  available,  further  efforts  should  be  made  to  verify^ 
Quasi-neutral  PIC-DSMC  method  against  theory.  A  supercomputer,  for 
used  to  run  non-quasi-neutral  PIC-DSMC  simulations.  These  results  could  be  co^ip^^  to 
resets  from  the  quasi-neutral  PIC-DSMC  simulation  to  see  if  the  anal^c^  source  model 
comectly  calculates  sheath  potentials  and  to  confirm  that  the  wake  region  has  no  influence 

.  tap?ov^  m^a^S^^ntsih^^d  be  taken  of  sputtering  coefficients  for  Xenon 
improve  the  surface-interaction  model.  The  major  limitation  on  Ae  accuracy  of  the  surface 
sputtering  model  is  the  lack  of  data  on  off-normal  sputtenng  coefficients  for  Xenon  ^d  Ae 
lack  of  accurate  sputtering  measurements  for  solar  cell  coverglasses.  xpe^en 
in  this  area  could  greatly  enhance  the  accuracy  of  the  surface  mteraction  model 
•  An  unstructured  mesh  implementation  should  be  senously  considered.  Though  an 
unstructured  mesh  would  slow  the  simulation  and  add  considerable  complexity,  it  woul^d 
Xw  m  Sel  complex  and  arbitmry  spacecraft  geomemes  including  umgular  surfaces 

.  fmSrthe  mfraeuon/propagation  of  EM  waves  should  be  ^ded  to  the  simulatiom 
in  a  post  processing  mode.  Some  efforts  have  a^ady  been  unde^n  to  model 
die  impact  of  the  plume  on  tadio  transmissions  lOhler  et  al.  and  GabduUmaa^ 

19931.^  Integrating  such  a  model  into  the  plume  simulation  would  aUow  one  to  study  the 
influence  of  the  plume  on  radio  signals  traveling  to  and  from  the  sateUite. 

The  quasi-neutral  PIC-DSMC  method  is  not  appUcation  specific  and  is  not  Umited  to  spacecraft- 
plume  interaction  work.  In  principle,  the  model  can  be  extended  to  other  appUcations  and  could 
include  additional  physical  effects.  In  the  long  term,  the  following  efforts  would  serve  to  extend 
the  regime  of  appheation  for  the  quasi-neutral  PIC-DSMC  method. 

.  An  effort  needs  to  be  undertaken  to  improve  the  electron  fluid  model  and  include  Ae  effects 
of  the  magnetic  field.  In  the  quasi-neutral  formulation,  the  electnc  potenti^  is  obtmned  by 
electron  momenlm  equation.  Wid.  dus  particular  dtrusmr,  l-e  po«nn^ 
be  obtained  by  inverting  the  Boltzmann  relationship.  In  general,  however,  te  fuU  electron 
mo"  ^nation  colld  be  invened  using  an  iterative  solving  mettod.  Doutg  tos  would 
aUow  the  modeling  of  electron  drift  and  magnetic  effects.  We  note, 
nrpvious  attemots  to  invert  the  full  electron  momentum  equation  for  a  hybnd  PIC  model 
have  been  unsuccessful  due  to  numerical  instabdities  [Sammta  Roy  1995].  ^ 

fuU  electron  fluid  model  would  be  a  significant  step  forward  but  may  require  substantial 

.  M  effort  be^made  to  develop  a  model  for  Coulomb  collisions. 
ilmctiorare  not  thought  to  have  a  great  influence  on  the  plume  of  a  Hall  thruster,  the 

development  of  such  an  algorithm  would  be  a  useful  tool  for  ''' 

general  At  the  present  time,  the  DSMC  method  can  not  be  used  to  model  shor^  range 
Lulomb  interactions  effectively.  This  is  because  the  DSMC  method  is  not  well  suited  to 
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the  modeling  of  collisions  in  which  only  small  angle  deflections  occur.  The  DSMC  method 
is  well  suited  to  the  modeling  of  short  range,  large  angle  deflections,  so  it  may  be  possible 
to  use  an  averaging  method  to  replace  many  small  angle  deflections  with  an  equivalent  large 
angle  deflection.  Detailed  work  is  necessary  to  determine  if  this  is  feasible  and  to  determine 
the  regimes  in  which  such  a  method  might  apply  in  a  plasma. 

•  An  effort  should  be  made  to  determine  the  role  of  plasma  turbulence  on  transport  properties 
in  particle  simulations.  The  plume  of  a  Hall  Thruster  is  known  to  exhibit  considerable 
instability.  These  affect  the  transport  coefficients  in  the  plume,  and  may  affect  its 
development  This  work  considered  only  classical  collisions.  Further  work  is  needed  to 
study  turbulence  and  its  influence  on  the  plume  and  to  determine  whether  the  quasi-neutral 
PIC-DSMC  method  can  be  modified  to  include  turbulent  effects. 

In  addition  to  the  points  outlined  above,  several  general  recommendations  can  be  made  with  respect 
to  the  general  study  of  spacecraft-plume  interactions  issues.  In  particular  we  note  the  following. 

•  Surface-interaction  effects  need  to  be  studied  .very  thoroughly.  Work  needs  to  be 
undertaken  to  measure  sputtering  coefficients  for  Xenon  ions  impacting  on  common 
spacecraft  surfaces  at  normal  and  non-normal  trajectories.  Work  also  needs  to  be 
undertaken  to  identify  the  chemical  mechanisms  by  which  metals  and  ceramics  can  deposit 
on  the  surfaces  of  spacecraft. 

•  Better  and  more  accurate  measurements  need  to  be  taken  of  the  very  near-field  plume  region 
of  Hall  thrusters  (<  1  cm  from  the  thruster  exit).  These  measurements  would  help  improve 
the  existing  SPT-100  source  model. 

•  Orbital  tests  are  desirable  to  help  validate  simulations  of  operational  conditions  and  to  help 
extend  laboratory  tests  to  operational  conditions. 

•  Experimenters  should  always  include  estimates  of  the  accuracy  of  their  experimental 
measurements  when  reporting  plume  data.  Further  efforts  are  also  required  to  resolve 
inconsistencies  in  the  existing  experimental  database. 

Ultimately,  better  data  of  all  types  is  needed  characterize  the  plume  and  encourage  the  development 
and  verification  of  plume-spacecraft  interaction  models. 

Electric  propulsion  as  a  field  is  rapidly  approaching  the  point  of  commercial  viability.  For 
years,  electric  propulsion  has  been  considered  a  promising  technology  not  quite  mature  enough  for 
use  on  operational  spacecraft  Arcjets  have  now  been  used  on  commercial  communications 
satellites  and  it  is  very  likely  that  both  Ion  and  Hall  thrusters  will  fly  on  operational  satellites  within 
the  next  three  years.  As  EP  becomes  widely  accepted  in  the  satellite  community,  advanced  models 
will  be  needed  to  study  the  interaction  between  plasma  plumes  and  spacecraft.  This  work  is  a 
significant  advance  in  the  computational  modeling  of  plasma  plumes  and  will  promote  efforts  to 
advance  the  use  of  EP  by  the  spacecraft  design  community. 
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Appendix  A;  User’s  Manual  for  Quasi3 


Version  1.0  n  iqqa 

User  Manual,  October?,  1996 

A.l  Packing  List 

n,e  package  conais.  of  four  progr^s  wMch  are  conurned  in  four  separa.  d— , 

These  four  programs  fit  into  two  categorie  . 

Simulation  and  Mesh  Generation 

Visualization 

.,10,3  (FORTR^):  rSdtaenstons^* 

Visual3/Parucle3  graphics  libr^.  It  s  P  ^  Qg^am  based  on  the  Grafic 

A  «ri  Q  mnVprile  The  simulation  and  support  programs  are 
dd  ta  to  different  workatauon  architecurres. 

•nre  visual.za.ion  prograrns  are  less  porubl.  «f^,trGrS^  rMcSSn  in 
visual3  library.  SurfploO  .s  ""f  ^1  of  the  numerical  analysis  is  done  by  the 
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The  Visual3/Particle3  Ubrary  is  a  multi-platform  3-D  visualization  Ubr^  available  from  Bob 
HaimesatMIT.  It  requires  GL  or  OpenGL.  A  woricstation  class  raactane  is  basic  yr  q 
do  3D  visualization,  preferably  a  Silicon  Graphics  machine  if  it  is  available. 

The  Grafic  library  is  a  public  domain  visualization  library.  It  is  available  on  project  Athena  at  MIT 
and  from  multiple  other  sources. 

Before  building  these  programs,  you  will  probably  need  to  edit  the  “FLAGS”  macro  in  each 
makefile  to  fit  your  platform. 

Version  1.0  is  not  known  to  contain  any  bugs.  However,  it  has  only  been  tested  on  a  small 
number  of  platforms,  so  your  mUeage  may  vary.  The  user  mterface  is  still  quite  rough. 

A.2  Introduction 

The  core  of  the  simulation  package  is  Quasi3.  It  takes  a  pregenera^  grid  fr^  MeshS  and 
produces  data  which  can  be  viewed  and  analyzed  using  P/od  and  SurfploL  The  sequence  of  files 
and  executables  is  shown  in  Figure  A.l  below. 


domain.cj 


meshS. 


file.grid 


.file.sdata , 


surfitlot 


Erosion  and 
Surface  Data 


quasiS .  _ 

^  ^  plots  J  3-D  Plots  of 

(^e.inp^  Plume  Data 

Figure  A.l:  Plume  Simulation  Package  Sequence  of  Execution 

Programs  in  italics,  files  in  ovals 


ffile.datj 


The  spacecraft  and  thrusters  are  defined  by  the  user  in  the  file  “Mesh3/domain.c  The  pmgram 
MeshS  is  then  compiled  and  run  to  produce  a  gnd  file.  This  gnd  file  is  the  ^  , 

QuasiS,  which  produces  data  files  for  use  by  the  PlotS  md 

describes  the  usage,  input  and  output  of  each  program.  Details  of  . 

explained  in  Chapters  3  and  5.  In  order  to  construct  a  comput^onal  domain,  the  user  must 
understand  the  normalization  scheme  used  in  the  simulauon.  These  are  discussed  m  Chapte  . 

The  next  section  briefly  summarizes  the  normalizations  used  by  QuasiS. 

A.3  Normalization  Scheme 

When  conventional  SI  units  are  used  for  numerical  analysis,  large  roundoff  errors  can  occur  when 
very  large  numbers  (2.5  x  lO^  m-3)  and  very  small  numbers  (1.6  x  lO-”  Coulombs)  are  pan  of 
th^ame  calculation.  To  avoid  roundoff  errors,  guasid  uses  noimabzed  vanablM  tor 

internal  calculations.  Both  input  and  output  quantities  may  use  normahzed  vanables,  so  a  hst  ot 
the  normalizations  and  their  default  values  is  given  below. 

Normalized  values  are  obtained  by  dividing  by  reference  quantities,  so  a  density  of 

1  0  X  lO^”^  m-3  corresponds  to  a  normalized  density  of  1  x  10^  (s^  Table  below).  In  ^eoiy,  e 

value  of  various  reference  quantities  can  be  controlled  by  the  user.  By  selecung 

for  the  four  fundamental  quantities,  a  user  changes  the  value  of  ^  reference  quanuues.  In  practice, 

most  users  should  leave  these  quantities  alone  and  treat  them  as  fixed  values. 
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.  Quantities  (set  in  quasiS.h  meshS.hi: 

Charge:  1.6  x  IQ-i^  C  (elementary  charge) 

Density:  1.0  X  10^2  ni-3  (arbitr^) 

eltclron  temperature) 

•  734,840.5  (reference  maas/reterenee  charge) 

Ungth:  0.010513  m  (Debye  length) 

Plasma  Frequency:  115313.21  sec 

Potential;  2  Volts  (reference  temperature  m  eV) 

Velocity  1212.303955  m/s  (thermal  velocity) 


in 


icn 

if 

r  Its 
f 


,  ihc 
.cs 

:licc. 
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A.4  Guide  to  meshS 


Mesh3  is  a  three  dimensional  embedded  mesh  generator  that  creates  grids  for  use  with  quasiS. 
Mesh3  sets  the  “layout”  of  objects  and  thrusters  in  the  simulation  domain.  The  input  into  MeshJ  is 
a  series  of  geometric  parameters  which  are  specified  by  editing  source  code  in  the  file 
Mesh3/domain.c.  By  modifying  these  parameters,  a  user  can  lay  out  the  entire  computational 
domain  including  grid  space,  spacecraft  geometry,  and  thruster  location  and  orientation.  After  each 
modification,  the  code  must  be  recompiled  by  typing  “make”  in  the  Mesh3  directory. 

The  output  from  mesh3  consists  of  two  files  with  the  names 

file. grid:  grid,  object,  and  thruster  orientation  data  in  binary  format 

file.dat:  grid,  object,  and  thruster  orientation  data  in  ASCII  format  for  use  by  plot3. 

A.4.1  Command  Line  Interface 

Mesh3  takes  only  one  argument  on  the  command  line. 

meshS  -o  <filenaine> 

-o  must  be  followed  by  a  filename.  It  specifies  the  output  filename  for  the  grid  files.  The  suffix 
“.grid”  is  automatically  added  to  the  end  of  the  filename  and  should  not  be  specified  on  the 
command  line.  So  a  command  of  the  form 

mesh3  -o  test 


would  produce  output  files  named  “test.grid”  and  “test.dat”. 

A.4.2  Input  File  Format 

The  input  to  mesh3  is  actually  C  source  code  in  the  file  Mesh3/domain.c.  A  sample  file  is  shown 
on  the  next  page  and  is  followed  by  a  description  of  each  parameter. 
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hS  is 


each 


X 


vn 


siue’i.  th.  it  .its  •/ 

',:  S’tSfaoSm'"  «”«S;2t“J“tSj  r«ol»tlo»  o.  the  finest  ,ria  •/ 

/*  in  which  it  is  ENTIMLY  contained.  / 

f  he  at  least  two  cells  wide  on  some  grid  that  contain  them  */ 

o?S%5‘ect^S  h“»  I’* 

/.  Define  the  objects  in  the  'S^Sterlot  bounitery.  'I 

bontaety,  U  a.finet.iy  ■/ 

/*  a  bad  idea  */ 

/.  This  configuration  is  part  of  a  coimmi  cat  ions  satellite  */ 

# include  <stdio.h> 

# include  <inath.h> 

#include  “constants .h” 

#include  "meshS.h" 
tinclude  “globals.h" 

/*  Domain  Definition  */  Cells  in  X  direction  */ 

#define  DCmiN_X_WIDlH  25  Cells  in  Y  direction  */ 

^define  DOMAIN^Y^WIDIH  35  Cells  in  Z  direction  */ 

# define  DOMA.IN_Z_WIDTH  35 

tdefine  CELL_WIDTH  12.0 

/*  Needed  to  calculate  thruster  flow  rate  */ 

#define  XE_ION_MASS  (0 .1313/AVOGM)RO) 


/*  Normalized  units 


/ 


”1eS'Sr.;SS“  totnaery  »ndltlo„s  lelon,  e*,..  of  the  dee^ln. 


particle  bnd_switch  [NORTH]  = 

pSticlelbnd.switchtSOJTO]  = 

Darticle_bnd_switch[EAST]  =  ABS0RBIN3; 

particle_bnd_switch[WEST]  =  ABSOR^NS; 

^ticle_bnd_switch[UP]  =  ABSORBI^ 
parti  cle_bnd_switch  [DOWN]  -  ABSORBIN3, 

neutral_flux_switch [NORTH]  =  FALSE; 
neutral_flux_switch [SOUTH]  =  FALSE; 
neutral_flux_switch[EAST]  =  FALSE; 
neutral_flux_switch[WEST]  =  FALSE; 
neutral_flux_switch[UP]  =  FALSE; 
neutral_flux_switch[DOWN]  =  FALSE; 

ion_flux_switch [NORTH]  =  FALSE; 
ion_flux_switch [SOUTH]  =  FALSE; 
ion_flux_switch[EAST]  =  FALSE; 
ion_flux_switch[WEST]  =  FALSE; 
ion_flux_switch[UPl  =  FALSE; 
ion_flux_switch[DOWN]  =  FALSE; 

}  , 

void  def ineEtnbeddedGrids  ( ) 

'  ".SSS?fa^.'(".ibeadeaaeM  ^ftSoc’^ni-iiiaeSS  rtiS(e»t«aa.aaet.)) 


/*  Piece  1:  a  box  */ 
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if  (nenibeddedgrid  >0)  ( 
erribeddedgrid[03 .xc  =  6; 
einbeddedgrid[0]  .yc  =  6; 
embeddedgrid[0] .zc  =  5; 
embeddedgrid[0] .xoffc  =  9; 
erribeddedgrid[03 .yoffc  =  6; 
embeddedgridLOl .zoffc  =  14; 
embeddedgridEO] .parent  =  -1; 

) 

) 


/*  Width  in  grid  points  on  parent  mesh  */ 
/*  Offset  in  grid  points  on  parent  mesh  */ 


/*  “1  indicates  the  top  mesh  is  the  peirent  */ 


void  defineObjects  ( ) 

{ 

nobjects  =  3;  /*  nobjects  is  a  global  variable,  type  short  int  */ 

objects  =  (box  *)  calloc  (nobjects,  sizeof (box) ) ; 


/*  Piece  1:  spacecraft  main  body  */ 

objects [0]  .index  =0;  /*  Grid  in  v^ch  coord  are  given  */ 

/*  Ihis  grid  must  surround  the  object  ENTIRELY  */ 
objectsEO]  .xc  =  10;  /*  X-width,  coord.  */ 

objects [0]  .yc  =  8;  /*  Y-width,  coord.  */ 

objects [0] . zc  =  21; 
objects [0] .xoffc  =  0; 
objects [0] .yoffc  =0; 
objects[0] .zoffc  =2; 

objects  [0]  .type  =  FLOATING;  /*  Object  surface  boundary  type  */ 

sprintf  (objectsEO]  .name,  "bus”);  /*  NO  SPACES  ALLCWED  in  name  */ 


if  (nobjects  >1)  { 

/*  Piece  2:  solar  array  */ 

objects  [1]  .index  =0;  I*  Grid  in  which  coord  are  given  */ 

/*  This  grid  must  surround  the  object  ENTIRELY  */ 
objects  [1]  .xc  =  9;  /*  X-width,  coord.  *! 

objects  [1]  .yc  =  12;  /*  Y-width,  coord.  */ 

objects [1] . zc  =1; 
objects [1] .xoffc  =  0; 
objects [1] .yoffc  =  22; 
objects [1] .zoffc  =  12; 

/*  Object  surface  boundary  type  */ 

objects  [1]  .type  =  FIXED;  /*  Object  surface  boundary  type  */ 


sprintf  (objects  [1]  ,  fixedfilename  [NORTH] , 

"Configs/Potential/intelsatl.halfarray.n” ) ; 
sprintf  (objects  [1]  .  fixedfilename  [SOUTH] , 

"Configs/Potential/intelsatl.halfarray  .s" )  ; 
sprintf  (objects  [1]  .  fixedfilename  [EAST] , 

"Conf igs/ Potent ial/ int el satl. half array . e" ) ; 
sprintf  (objects  [1]  .  fixedfilename  [WEST] , 

"Conf  igs /Potential /int  el  satl .  half  array  .w” )  ; 
sprintf  (objects  [1]  ,  fixedfilename  [UP] , 

"Configs/Potential/intelsatl. halfarray. u" )  ; 
sprintf  (objects  [1]  .  fixedfilename  [DOWN] , 

"Configs/Potential/intelsatl.halfarray  .d") ; 
sprintf  (objects  [1]  .name,  •solar_panel" )  ; /*  NO  SPACES  ALLOWED  in  name  */ 


} 

if  (nobjects  >  2)  { 

I*  Piece  2:  yoke  for  array  */ 

objects  [2]  .index  =0;  /*  Grid  in  vdiich  coord  are  given  */ 

/*  This  grid  must  surround  the  object  ENTIRELY  */ 
objects  [2]  .xc  =  1;  /*  X-width,  coord.  */ 

objects[2]  .yc  =  15;  /*  Y-width,  coord.  */ 

objects [2] .zc  =  1; 
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objects [2] .xoffc  =  0; 
objects [21 .yoffc  =  8; 
objects [2] .zoffc  =  12; 
objects [2] .type  =  FLOATING; 
sprintf (objects [2] .name,  'yoke); 


/*  object  surface  bounda^  type  */ 
/*  NO  SPACES  allowed  in  name  / 


void  defineSourcesO 
/.  Modified  3-d  V 

/*  The  source  location  is  givei  jr 
*  flat  edge,  you  can  end  up  getting 


So,  if  you  place  the  source 


/*  on  a  flat  edge  you  c^  ^d  ^  attached  to  (which  is 

/*  particles  sh^^g JP  ^SIDE  the  ^ 


*/ 

*/ 

*/ 

*/ 


a'bad  ^ng)  .  sl  b^  Lutious  in  how  you  use  these  sources 

at  least  for  the  near  future  */ 

8/7/96,  -David  Oh  {bainf@nat.edu)  / 

*)  =.U0C  („^o»ic..,  .iz.o£(sour=.a.t.,,, 

if  (nsources  >  0)  {  ,!<=*/ 

I*  Piece  1:  a  hall  thruster  half  /  Object  it's  attached  to  */ 

sources [Ol  .nobj  =  O-'  Coordinates  on  object  (normalized  units  */ 

sources [0] .xc  =  115.911,  / 

sources [0] .yc  =  100.756 
sources [0] .zc  =  157.058 

/*  Vector  pointing  along  the  thruster  exit  direction  / 
sources [0] .thrustx  =  0.25; 

sources[0].thrusty=0.9659; 

sources [0] .thrustz  =  0.0670; 

vector  p.ip«>ai=ul«r  to  ttost  v«:tor  pointing  fro,,  o.nt.r  to  o.thod.  */ 

sources [ 0] .cathodex  =  -0.9330; 
sources [0] .cathodey  =  0.2588; 
sources [ 0] .cathodez  =  -0.25; 

/*  Total  propellant  flow  rate  in  #/sec  (cathode  and  anode)  */ 
Ln«“iOl”L-_t.t.  .  ,5.37.-6/XE_IO».HASS.; 

) 

} 

rlotfgio^“''“o‘S*»«'.p.ol£l.a.ln  a.fln.  .t»t»«,tn  nt  th.  top  o.  •/ 

/*  domain. c  */ 

doinain_x_width  =  DOMAIN_X_WIDTO; 
domain_y_width  =  DOMAIN_Y_WIDra; 
doinain_z_width  =  DOMAIN_Z_WIDTH; 
cell.width  =  CELL_WIDTH; 

) 
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DOMAIN_X_WIDTH 

DOMAIN_Y_WIDTH 

DOMAIN_Z_WIDTH 

CELL_WIDTH 


The  first  three  parameters  specify  the  dimensions  of  the  domain  in  cells.  The  CELL_WIDTH 
oarameter  gives  the  width  of  each  ceU  in  normalized  units.  In  the  example  case,  the  cell  width  is  12 
and  the  domain  x,  y,  and  z  widths  are  25, 35  and  35  respectively.  The  dimensions  of  the  domain 
are  therefore  given  by: 


X:  DOMAIN  X  WIDTH  x  CELL.WIDTH  x  refjength  = 

~  “  25.0x12.0x0.010513  m  =3.15  m 

Y-  DOMAIN  Y  WIDTH  x  CELL_WIDTH  x  refjength  = 

35.0  xl2.0  X  0.0105 13  m  =4.42  ra 

Z:  DOMAIN_Z_WIDTH  X  CELL_WIDTH  X  ref  Jength  = 

35.0  xl2.0  X  0.0105 13  m  =4.42  m 


XEJON_MASS 

This  is  mass  of  a  Xe  ion  in  kg.  It’s  used  for  convenience  and  shouldn’t  need  to  be  modified.  Ii  is 
used  only  in  domain.c  and  is  not  referenced  in  by  meshS. 

The  defineBoundariesO  routine  is  where  users  specify  boundary  conditions.  Three  boundary 
conditions  are  specified  for  each  of  the  six  faces  of  the  domain.  The  faces  are  referred  to  by 
direction,  as  shown  in  Figure  2.  So  North  is  the  positive  y  face,  south  is  the  negadve  y  face,  east 
is  the  positive  x  face,  etc. 


Z 


WEST  EAST 

Figure  A. 2:  Directions  and  Axises 

The  three  boundary  conditions  are 

particleJbnd_switch[direction]  =  [ABSORBING  II REFLECTTVE]; 

This  switch  specifies  what  happens  when  a  macro  particle  strikes  the  face,  m^sei  to 
ABSORBING,  quasiS  deletes  particles  that  hit  the  face.  When  set  to  REFLECTIVE  quasi. 
reflects  particles  back  into  the  domain.  REFLECTIVE  boundary  conditions  should  be  used  oni> 
when  a  boundary  is  a  plane  of  symmetry.  Since  the  file  is  written  in  C;  you  must  use  all  caps  u 
specify  the  boundary  condition. 
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neutraljluxjswitchl direction]  =  [TRUE  II  F^SE]; 
ion  Jlux_switch[ direction]  =  [TRUE  II  FALSE]; 

false  all  the  time. 

conventional  CFD  *  lotinn  in  n  PTP-DSMC  code  increasing  the  grid  resolution 

increase  the  accuracy  of  accuracy  by  decreasing 

without  mcre^mg  the  numb  P  „  ^  emaller  cells  are  necessaiy  to  resolve  areas  with 

*e  number  of  parttcles  m  each  ce^  How^er^raalto  ^  of  grid  to  resolve  a  small 

as  throughout  the  rest  of  the  domain. 

S  sevS  !Sti“s  o?where  an  embedded  mesh  can  be  placed  on  a  parent  mesh. 

.  An  embedded  mesh  can  not  intersect  a  mesh  which  is  two  levels  ^ 

narent  mesh  must  include  a  margin  of  one  cell  around  each  face  of  tl^  embedded  gn 
unless  the  edge  is  backed  up  against  the  outside  of  the  domain  (see  Figure  3  ^elow). 

.  An  embedded^ mesh  must  be  assigned  to  one  and  only  one  parent,  so  an  embedded  gnd  c 

.  M  embSde7m£h  can®"^^^^  another  embedded 

.  An  embedded  grid  has  a  unique  identificauon  numt^r  assigned  are 

an  identification  number  which  is  less  than  its  parent  s  identification  numb  . 


1 


1 


Allowed  Not  Allowed 

Figure  A.3:  Permitted  and  Forbidden  Placement  of  an  Embedded  Mesh 
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A  parent  can  have  more  than  one  embedded  mesh.  The  various  embedded  mesh  control  parameters 
are 

nembeddedgrid  =  [number] 

This  parameter  specifies  the  number  of  embedded  meshes  present  in  the  simulation.  Each 
embedded  grid  is  refered  to  by  a  unique  number.  The  identification  numbers  are  assigned 
sequentially  starting  from  zero,  so  the  first  grid  would  be  grid  0,  the  second  grid  1,  etc.  The  top 
level  mesh  which  defines  the  domain  is  automatically  assigned  the  value  -1.  We  will  refer  to  the 
local  mesh’s  identification  number  as  gricUd. 

Every  child  mesh  must  be  assigned  the  following  two  parameters  in  domain.c.  They  give  the 
grid’s  size  and  location. 

tmheddedgnd[gridid\.xc  =  [length  in  cells  (integer)]; 
embeddedgnd[gridid\.yc  =  [length  in  cells  (integer)]; 
emheddedgnd[gridid\.zc  =  [length  in  cells  (integer)]; 

The  three  parameters  above  give  the  dimensions  of  the  embedded  mesh  in  cells  pf  the  parent  mesh 
(see  Figure  3  below).  The  lengths  must  be  integer  values.  Non-integer  values  will  be  rounded 
down,  xc,  yc,  and  zc  give  the  dimensions  in  the  x,  y,  and  z  directions  respectively. 

embeddedgrid[^rii/ii/].xoffc  =  [offset  in  cells  (integer)]; 
embeddedgrid[gnJii].yoffc  =  [offset  in  cells  (integer)]; 
embeddedgrid[gr/c(icn.zoffc  =  [offset  in  cells  (integer)]; 

The  three  parameters  above  give  the  offset  of  the  origin  of  the  embedded  mesh  from  the  origin  of 
the  parent  mesh  in  cells.  The  origin  is  defined  to  be  the  lower-south-west  comer  of  the  mesh  (as 
shown  in  Figure  2).  A  two  dimensional  example  is  given  in  Figure  A.4. 

xoff=1 
yoff  =  2 
xc  =  4 
yc  =  3 


O  X  . ^ 

Figure  A.4:  Embedded  Mesh  Placement  Coordinates 

embeddedgrid[gnVi/J].parent  =  [nparentf, 

This  parameter  designates  the  local  grid’s  parent  mesh  by  its  identification  number,  nparent  must 
be  an  integer  less  than  gridid .  A  value  of  -1  indicates  that  the  parent  mesh  is  the  top  mesh  m  me 
simulation  (the  one  which  defines  the  dimensions  of  the  domain  itself). 


domain. 


Every  face  of  every  object  mmt  be  «  ^^““,Xvl™SlSS  m^s 
Ses,  as  shown  in  Fig^  A^  ^„t"do«n-[7  e^^y  on  a«  face  of  Ae  object 

oKSIoti  overlap  each  other, "  no  gap  between 

,  Objects  can  be  placed  dfSity  and  potential  will  be  miscalcolated  tog 

t  Snttween  ignored,  but  values 


Y 


Allowed 


Allowed 


Not  Allowed 


Figure  A.S:  Permitted  Object  Placement 


Figure  a.s: 

are  defined  in  defineObjects(). 
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nobjects  =  [integer]; 

This  parameter  gives  the  number  of  objects  present  in  Ae  domain.  In  the  example  case,  it  is  set  to 
three  because  there  are  three  objects  present:  the  satellite  body,  solar  array,  and  yoke. 

oh]cc\s[objectid\.inde\  =  [integer]; 

This  parameter  is  the  gridid  of  the  parent  grid  which  completely  contains  the  object.  The  parent 
grid  must  entirely  surround  the  object  with  a  margin  of  at  least  one  cell  between  the  edges/faces  of 
the  object  and  the  edges/faces  of  the  parent  grid.  A  value  of  -1  indicates  that  the  parent  grid  is  the 
top  level  grid. 

ohiec\s[objectid].\c  =  [length  of  ob^ct  in  cells  (integer)]; 
ohiects[objectid].yc  =  [length  of  object  in  cells  (integer)]; 
ob}ects[objectid].zc  =  [length  of  object  in  cells  (integer)]; 

These  give  the  dimensions  of  the  object  in  cells  on  the  parent  mesh,  using  the  same  niethod  used  to 
give  the  dimensions  of  embedded  meshes  (see  Figure  4  above).  The  values  rnust  be  integer 
values.  Non-integer  values  will  be  rounded  down,  xc,  yc,  and  zc  give  the  dimensions  in  the  x.  y. 
and  z  directions  respectively. 

oh]cc\s[objectid].xoffc  =  [offset  in  cells  (integer)]; 
objects[o£!/ecn‘<il.yoffc  =  [offset  in  cells  (integer)]; 
oh}ccis[objectid].zoffc  —  [offset  in  cells  (integer)]; 

These  parameters  give  the  offset  of  the  origin  of  the  object  from  the  origin  of  the  parent  mesh  in 
cells  The  origin  is  defined  to  be  the  lower-south-west  comer  of  the  mesh  (as  shown  in  Figure 
A.2).  xoffc,  yoffc,  and  zoffc  give  the  offset  in  the  x,  y,  and  z  directions  respectively.  A  two 
dimensional  example  is  given  in  Figure  A.4.  The  example  shown  is  an  embedded  mesh,  not  an 
object,  but  the  same  system  is  used  in  both  cases. 

ohiecxs[objectid].ty'pt  =  [FLOATING  II  FIXED]; 

This  specifies  the  potential  boundary  condition  to  be  applied  on  the  surface.  If  the  object  is 
designated  as  “FLOATING”,  the  surface  potential  is  calculated  by  balancing  Ae  ion  ^d  electron 
flux  to  the  surface  of  a  non-conductive  object.  If  the  object  is  designated  as  “FIXED  ,  the  surlacc 
potential  is  set  at  a  fixed  value.  The  fixed  potential  profile  is  determined  from  input  files  specitied 
in  the  objectfohjecnVfl.fixedfilename  parameter. 

Optional  parameter:  objects[oiyec/rffl.fixedfilename[direction]; 

This  designates  the  file  from  which  the  fixed  potential  profile  is  to  be  read.  It  c^  be  ignored  with 
FLOATING  objects  but  is  required  vdth  FIXED  ones.  The  maximum  length  of  the  file  name  is  w 
characters. 
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spvmtf{ob]tcls[objectid].n2cmc,  string); 

This  gives  the  object  a  name  that  the  user  can  use  to  identify  it  when  using  surfplot.  The  name 
must  be  a  string  with  no  more  than  50  characters  and  containing  no  spaces.  The  name  is  not  usea 
by  quasiS.  It  is  just  there  to  help  identify  interesting  objects. 

The  defineSourcesO  routine  is  where  users  specify  the  location  and  orientation  of  thrusters  m 
domain.  As  with  objects  and  embedded  meshes,  every  source  has  a  unique  sourceia.  is  o 
parameters  follows. 
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nsources  =  [integer]; 

This  gives  the  number  of  thrusters  present  in  the  domain.  It  should  work  for  any  number  of 
thrusters,  but  has  never  been  tested  with  more  than  one. 


sources[50Mrceilf].nobj  =  [integer]; 


This  parameters  (nobj)  gives  the  objectid  of  the  object  the  source  is  attached  to  (its  parent).  Every 
source  must  be  associated  with  an  object,  though  its  physical  location  may  not  necessarUy  be 
directly  on  the  surface  of  the  parent  object 


souTCts[sourceid\.\c  =  [float]; 
so\iTCCs[sourceid\.yc  =  [float]; 
so\iTCCs[sourceid\.zc  =  [float]; 


These  parameters  give  the  location  of  the  center  of  the  anode’s  exit  plane  ^  me^ured  from  the 
origin  of  the  obicctiobjectid)  in  normalized  units.  The  values  can  be  anything,  but  should  be 
carefully  set  so  the  thruster’s  exit  plane  does  not  end  up  partially  or  entirely  inside  the  p^ent 
object.  Though  the  simulation  will  operate  in  this  mode,  the  results  are  (obviously)  useless. 


sources[sowrce/(i].thrustx  =  [float]; 

sou^ces[^OM^ceI^f].thrusty  =  [float]; 

sourcesfsoMrce/^.thrustz  =  [float]; 


These  parameters  define  the  x,  y,  and  z  components  of  a  vector  which  is  parallel  to  ±e  thrust 
vector  points  in  the  flow  exit  direction  (as  shown  in  Figure  A.6).  QuasiS  uses  the  thrust  vector  to 
determine  the  direction  of  flow.  The  vector  can  have  an  arbitrary  magmtude. 


sources[50Mrce/W].cathodex  =  [float]; 
sources[soMrce/if].cathodey  =  [float]; 
sources[source/i/l.cathodez  =  [float]; 

These  parameters  define  the  x,  y,  and  z  components  of  a  vector  which  is  perpendicul^  to  the  thrust 
vector  and  points  from  the  center  of  the  anode  exit  towards  location  the  cathode  (as  shown  m 
Figure  A  6).  QuasiS  uses  the  cathode  vector  to  determine  where  the  cathode  should  be  placed 
relative  to  the  anode.  The  vector  can  be  of  arbitrary  magnitude  but  should  be  perpendicular  to  the 
thrust  vector,  or  unpredictable  things  may  occur. 
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Figure  A.6:  SPT  Orientation  Vector 
ces[50Mrceitfl.flow_rate  =  [Xe  mass  flow  rate  in  molecules/second  (float)]; 


Gives  the  total  propellant  flow  rate  (both  cathode  and  anode)  through  the  thraster  in  lumber  of 
mokcls  per  second.  Additional  flow  may  be  added  by  changing  the  anode_prop_injecttonJrac 

parameter  in (see  ^Mas/5  below). 


The  routine 


initializeVariablesO  is  used  by  quasiS  and  should  not  be  modified  by  the  user. 


A. 4.3  Output  Files 

meshS  creates  two  output  files. 

nie.srid:  grid,  object,  and  thruster  orientation  data  for  (binary  format) 

file.dat.  three  dimensional  visualization  data  for  plot3  (ASCII  format) 

Nnip  that  nip  srid  is  in  binary  format,  and  may  not  be  transferrable  across  platforms  (from  SGI  to 
SL  «rkSns  ta  teS).  fileJa,  is  avilable  so  the  user  can  quickly  examme  the  dontam 

using  plots.  It  is  not  used  by  quasiS. 


A. 4.4  Notes 


When  objects  are  placed  adjacent  to  each  other,  the  current  density^eutral 

will  be  miscalculated  along  the  junction  between  Ae  two  objects.  This  is  a 

from  an  incorrect  value  for  the  weighting  factor.  Generally,  this  problem  can  be  safety  igno 

but  values  shown  at  the  junction  should  not  be  taken  seriously. 
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^  5  Guide  to  qudsiS  r  ‘v  h3 

(“ffle"  is  a  file  prefix  which  is  set  on  the  command  line) 

Whendone,,-msi5cr^msaseriesofoutputfileswhichcontainthesimtdatedd  These  tes 

file  bln:  data  necessary  to  -tan  to—? 

fle.err:  enor  and  P'?8— * '“85;?Sd™hiUt3  foimat  (ASCII) 

fil^m^lrcsurface:  >?®'>“8^8  dal« 

Ko"  from  the  ituster  exit.  This  radius  is  defined  tn  the 

-domain.h”  and  can  change.  (Binary) 

and  restart  it  on  another  one. 

A  5  1  Command  Line  Interface 

.  Ti.e  file  prefix  is  one  of  many  options  specified  on  the  command  Une.  A  summary  o  comm 

une  opuons  ts  below.  _  .„„,„.ru„r.rrx 

:S— at  <n»>l 

-neH' is  a  switch;  ., 

otortfiir*  When -new  is  not  present, 

JSl^rfr—  sre  'n^  toSin  (see  the  -outputfile  option  helow). 

-/i/e  must  be  followed  by  a  filename 

The  name  of  the  input  dm  "taPHe  mS'^toj^.”"  TOs“X  U 

!.':.,oSrX^addedt?  should  not  included  on  to  command  Une.  An  examp  e. 

quasi3  -n  -file  Input/test 
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would  go  to  the  directoiy  named  “Input”  and  load  the  file  “tesLin”. 

If is  no.  present  and  -new  is  specified  te  program  will  ore  dre  default  filename  InpudqS.in. 
“grid  IB  list  be  followed  by  ^  filenaiBe 

-new  and  ignS  ta  restS  mSe"^  dSiSlt  mS  Tk”  ^ *""■  I‘  “  required  with 
«is  suffix 

quasiS  -n  -grid  test 

would  load  the  file  “testgrid”. 

If  -grid  is  no.  present  and  -new  is  specified,  Ure  program  will  use  die  default  name  “Kst.g.id". 

-iter  must  be  followed  by  a  number 

i'fore  wiU  do  100  iurrauons 

-ou0eprefix  m  ust  be  followed  by  a  string 

the  prof4tl/'m  choosX”def^^^^  “  -oumeprefix  is  no.  there, 

-restart  must  be  followed  by  a  number 

the  quaslS  will  save\TeTtm  mVeJe^  SS  n  Present, 

run,  regardless  of  how  many  iteratiolw  h^e  taken  ntr^  of  a 

ongoing  backups  in  case  the  program/computer  cr^hes  du^ngreSur^ofa  rt" 

-save  must  be  followed  by  a  number 

quasiS  will  dump  dato  eve^  SC^lSonr^^  visualization  data  files.  If  -save  is  not  present, 
words:  options  by  their  first  letter,  so  only  this  first  letter  are  necessary.  In  other 

guasiS  -n  -f  Input/g3  -i  500  -g  Grid/g3 

is  equivalent  to 

quasi3  -new  -file  Input/g3  -iteration  500  -gridfile  Grid/g3 

A.5.2  Input  File  Format 

vary  from  run  to  run.  The  file  c?ns?ste^?a^serS*r??^^  which  are  independent  of  the  grid  and  can 
and  dre  filename  must  eud  ^sl; ^  - 


xe_io 
partic 
in  reg 
indue 
Chapi 

xe_2_ 

macro 

genen 

shoulc 

xe_nei 

macro 

A.5.3 

Unlike 

unconc 

obviou 
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ns 


an 

:e 


file  for  the  user  manual  */ 

/*  This  IS  a  sairple  tii 

/*  May  29,  1996  */  /*  i<iolecules /Meter  Cubed  */ 

bkg  n^tral.density:  ]-085el6  / 

an?de_prop_ingestion_fraction_  •  .  , 

anode_double_ion_fraction.  0.2  particles /macro  particle  / 

xe_ion_wt:  l-25ell  particles /macro  P^ticle  ^ 

xe_2_ion_vrt;:  3.0el0^^  /*  Real  particles /macro  particle  / 

discussed  in  Chapter  4).  Some  of  this  cwitch  is  a  means  of  compensating  for 

ES"i=ss^"— 

SlesthlfreSvepT^U^ 

BSHSSSs  s's“^:s“ue 

::T:::„.o.e— 

fhould  ’also  be  0.2  times  xe_lon_^vt. 

A. 5. 3  Notes  ^  u  a 

Unlike  convenuonal  “nwiKe  wiih^o 


249 


A.6  Guide  to  plot3 

A.6.1  Command  Line  Interface 

Plots  takes  only  one  argument  on  the  command  line. 

plot3  <filenaine> 

where  <f  iienaine>  Specifies  the  name  of  the  input  file.  The  suffix  “.dat”  is  automatically  added  to 
the  end  of  the  filename  and  should  not  be  specified  on  the  command  line.  So  a  command  of  the 
form 


plots  test 

would  read  the  file  named  “test.dat”. 

A.6.2  Input  Files 

Plots  reads  the  visualization  file  produced  by  quasiS  with  the  title  “file.dat”.  This  is  the  only  input 

file  required  by  plotS. 

A. 6.3  Instructions 

plots  uses  the  standard  visual3/particle3  interface.  The  controls  are  described  in  the  visualS  and 

particles  manuals.  Hitting  "?"  in  any  of  the  four  windows  results  in  a  brief  list  of  keys  and  what 

they  do.  Some  keymappings  which  are  specific  to  plotS  are  listed  below. 

d:  shows  the  log  (base  10)  of  the  normalized  charge  density 

D:  shows  the  log  (base  10)  of  the  time  averaged  charge  density 

i:  shows  the  number  of  single  ions  macro  particles/cell 

I:  shows  the  number  of  double  ions  macro  particles/cell 

n:  shows  the  log  (base  10)  of  the  neutral  density  in  normalized  units 

N:  shows  the  log  (base  10)  of  the  time  average  neutral  density  in  normalized  units 

p:  shows  the  normalized  potential 

s:  color  particles  by  their  species 

u;  color  particles  by  x-velocity 

v:  color  particles  by  y-velocity 

w:  color  particles  by  z-velocity 

[:  shows  the  normahzed  time  averaged  potential 

The  following  key  indicates  the  species  of  different  particles 

0:  CEX  Xenon  Single  Ion 

1 :  Source  (beam)  Xenon  Ion 

2:  Background  Xenon  Ion  (generally  not  used) 

3:  Source  (beam)  Xenon  Double  Ion 
4:  CEX  Xenon  Double  Ion 
5:  Source  Xenon  Neutral 
6:  Background  Xenon  Neutral 

The  interface  takes  some  getting  used  to. 
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•d  to 


A.6.4  Notes 


A  large  amount  of  RAM  may  be  required  when  visualizing  very  large  simulations  (>  1W,000 
particles).  The  amount  of  RAM  used  by  the  program  changes  with  time.  Keep  U-ack  of  how  much 
the  program  is  using. 


Turning  what  you  see  on  the  screen  into  journal  quality  pictures  can  be  difficult  The  easiest  thing 
to  do  is  t^yp  a  snapshot  of  the  windows  you  would  like  to  duplicate  using  a  program  l^e  xv.  The 
snapshot  can  be  saved  in  gif  format  and  transferred  over  to  the  Macintoshes  usmg  fetch  (an  ftp 
nrogram)  As  long  as  the  filename  ends  in  “.gif’,  fetch  will  correctly  transfer  the  file  in  binary 
mode  and  set  it  to  an  appropriate  file  type.  The  “gr  file  can  be  read  usin^hotostop,  edit^  ^ 
necessary  (redoing  scaJes,  adding  references,  etc.),  and  then  saved  as  a  PICT  file.  The  PICT  tile 
can  be  directly  included  in  Word  and  Powerpoint  documents. 


put 


j 

at 
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A.7  Guide  to  surf  plot 

surfplot  is  a  very  basic  plotting  utility.  The  file  formats  are  simple  (see  input  files  below),  so  we 
recommend  that  you  build  yourself  your  own  viewer  using  your  favorite  software,  and  then  send 
us  a  copy  so  we  can  use  it  too. 

A.7.1  Command  Line  Interface 

surfplot  only  requires  one  argument  on  the  command  line. 

surfplot  {-g  -b}  <filenaine> 

where  <f  iiename>  gives  the  name  of  the  data  file.  The  suffix  “.sdata”  is  automatically  added  to 
the  end  of  the  filename  and  should  not  be  specified  on  the  command  line.  So  a  command  of  the 
form 


surfplot  test 

would  read  the  file  named  “test.sdata”.  The  -g  and  -b  flags  specify  whether  the  contours  should  be 
printed  in  color,  greyscale,  or  black  and  white.  The  defadt  is  color,  -g  gives  a  greyscale  plot,  -b 
gives  a  black  and  white  plot. 

A. 7.2  Input  File  Format 

surfplot  reads  the  surface  data  file  produced  by  quasiS.  The  file  has  the  title  “file.sdata”  and  is  the 
only  input  file  required  by  surfplot.  The  surface  data  file  uses  an  ASCII  format  and  contains  the 
following  information  in  the  following  format  “\n”  represents  a  return,  “\t”  represents  a  tab. 

nobjects  \n 

The  first  entry  is  an  integer  giving  number  of  objects  present  It  is  followed  by  a  return. 
trsputTeredt7uiterials\n 

Number  of  materials  on  which  sputtering  calculations  were  performed.  (Typically  3:  Silver, 
Silicon,  and  Quartz). 

materialjrame  \n 

A  string  giving  the  name  of  the  sputtered  material,  followed  by  a  return.  The  name  will  contain  no 
spaces.  There  is  a  name  given  for  each  of  the  nsputteredmaterials. 

For  each  of  the  objects  present  in  the  domain,  a  bunch  of  different  data  is  written  out  The  first 
element  is  the  name  of  the  object,  followed  by  a  return. 

objectjtameSn 

Each  side  of  the  object  has  a  separate  set  of  data  associated  with  it.  The  file  starts  with  the  NORTH 
side  of  the  domain. 


imax\t  jmax\ii 


V  U  UiTy  diLtion.  On  Ihe  NORTH  and  SOUTH  faces,  i  is  the  x  axis  and  j  is  the  z  axis.  On  the 
EAST  and  WEST  faces,  j  is  the  y  axis  and  k  is  the  z  axis. 

The  nodes  are  then  written  out  in  rows  (i.e.  in  the  i  direction  first,  then  the  j  direction,  as  would  be 
given  by 

for  (j  =  0;  j  <  jmax;  ++j)  ,  . 

for  (i  =  0;  i  <  iinax;  ++i)  {  it  j>  •••  J 

For  each  node,  the  following  values  written  to  disk. 
i\tj\t 

The  local  coordinates  of  the  node  (i.e.  node  3,4). 
manj\l 

Mean  current  density  to  the  surface  at  that  node. 

flta[XE_lOm  \t  mean_energy[XEJOm  M  std_energy[XEJON]  \t  particle _count[XEJON]  \t 

Thf>  flux  mean  enerev  (eV),  and  standard  distribution  in  the  impact  energy  of  the  Xe  ions  oiuhe 
Turface  at  this  point,  followed  by  the  number  of  macro  particles  which  acmaUy  struck  the  surface. 

/7ttv[XE_2_ION]  \t  mean_energy[XE_2_lON]  \t  std_energy[XE_2_l01^]  \t 
parricle_count[XE_2_10N]  \t 

/7jtv[XE_NEUTRAL]  \t  mean_energy[XE¥lEmRAL]  \t  std_energy[XEJiE\JTRAL]  \t 
parric/^_coMnf[XE__NEUTRAL]  \t 

The  same  quantities  for  Xe  double  ions  and  Xe  neutral  atoms. 
potential  \t  sheath_potential  \t 

The  potential  of  the  surface  (Volts)  and  the  potential  drop/rise  across  the  sheath  (also  in  Volts). 

sputter  Jepthm  M  sputter_depth{\]  \t ...  5pMtter_c/eprh[nsputteredmaterials-l]  \n 

Finally,  for  each  of  the  sputtered  materials,  an  erosion  depth  is  written  out  in  microns/200  hours. 

After  all  of  the  nodes  on  the  NORTH  side  have  been  written  to  disk  to  the  other 

sides  in  the  following  order;  NORTH,  EAST,  SOUTH,  WEST,  UP,  DOWN. 

Finally,  after  completing  the  first  object,  quasiS  writes  the  other  objects  using  the  same  format. 

A.7.3  Instructions 

Surfplot  uses  a  menu  interface  wUch  is  intended  to  be  self  TteSxt  m^n^^ 

user  to  select  an  object  based  on  the  name  given  to  tt  in  next  menu 

asks  the  user  to  select  a  face  based  on  its  direction  (as  shown  in  Figure  2).  The  fm^  menu  asks 
wWchp“aSeKr  to  display  and  then  creates  the  contour  plot.  A  contour  plotting  wmdow  appears 

immediately  afterwards. 
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The  horizontal  axis  is  always  the  coordinate  which  comes  first  alphabetically  with  its  origin  on  the 
left  hand  side.  The  vertical  axis  is  the  other  coordinate  with  its  origin  on  the  bottom.  The  axises 
are  labeled,  and  one  should  carefully  pay  attention  to  the  orientation  of  the  plot 

The  contour  window  uses  standard  controls  described  in  the  Grafic  manual.  Professor  Daniel 
Hastings  is  familiar  with  this  graphics  package  and  should  be  able  to  help  you  with  the  controls. 
Some  useful  keybindings  are 

b;  show  contour  value  at  pointer 
c:  draw  contour 
g;  show  grid 

r:  redraw  screen  (useful  when  those  irritating  black  patches  appear) 
x:  close  window 

When  done  viewing,  hit  x  to  close  the  window. 

A. 7.4  Notes 

Sputtering  rates  are  given  in  units  of  microns/month  (720  hours). 

Converting  surfplot  images  to  journal  quality  images  is  a  challenge.  Converting  them  to  color 
images  is  relatively  easy.  Use  the  program  xv  to  take  an  image  of  the  surfplot  window  and  follow 
the  procedure  discussed  at  the  section  A.6.4.  To  produce  greyscale  images,  use  the  following 
procedure. 


>  totelrab  window,  read  the  dir^tions,  then  eUdr  the  grab  barton  with  the  left  mouse 

>  Sfin^e  II  Mntol?t°Sov^' me  main  xv  window  should  Hash,  and  then  an  unage  ot 

>  tr”wotoS  dte  save  button  Oeft  mouse) 

^  the  FORMAT-  to  GIF  and  COLORS:  to  greyscale. 

>  Sal^Sie  the  appropriate  directory.  IMPORTANT:  make  sure  the  file  name  ends  m 

>  Sg  out  and  Goto  a  macintosh,  (don't  forget  to  write  down  your  filename!) 

;&?lSirnu!1fen  a  new  connection  m  the  machme  on  which  die  .gif  fde  is  stored. 

>  Download  the  file  from  the  workstation  to  the  macintosh. 

>  Quit  fetch. 

>  From  the  file  menu,  open  the  file  you  just  uploaded.  -rninr  Table  "  command 

>  After  the  file  appears,  goto  the  "Mode  ™  ™  ' 

^  raTt!!l'-S!S[c™ol*u?PW  (If  “  Ihave  a  copy  on  the  macintosh, 

"  yo“c  *  dow£d“  Ae  £lentaUon  direcW  -here  should  be  a  copy  here  m 

binhex  format).  „ 

>  Goto  the  file  menu  and  click  on  save  as... 

>  Sa«  n^vJ  ™ Spoit  it  direcUy  into  Microsoft  Word  5.1,  Microsoft  Word 


6.0,  or  PowerPoint. 
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Appendix  B:  Additional  Three  Dimensional  Results 


Appendix  B  shows  additional  results  from  three  dimensional  simulations  of  the  SPT-100 
mounted  on  a  geosynchronous  communications  satellite.  The  results  presented  are  contour  plots  of 
planar  cuts  through  the  three  dimensional  domain.  Further  details  about  the  thruster  and 
computational  domain  simulated  are  given  in  Chapter  6. 


0.  f  w  • 

I  -7  to  +12 
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Figure  B.2:  Contour  Plot  of  Ele^  (Cant  45%  Array  45°) 

y/z  Planar  Cut  Through  Center  of  Thruster 
Log  Base  10  of  Normalized  Units,  14  Contours  from  -3  to  +6 


Fi<nire  B  3-  Contour  Plot  of  Neutral  Number  Density  (Cant  45  ,  Array  45 

Figure  B.3.  y/z  Planar  Cut  Through  Center  of  Thruster 

Log  Base  10  of  Normalized  Units,  14  Contours  from  -3  to  +6 
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Figure  B.4:  Contour  Plot  of  Potential  (Cant  45°,  Array  90°) 
x/y  Planar  Cut  Through  Center  of  Thruster 
Normalized  Units,  20  Contours  from  -7  to  +12 


Figure  B.5:  Contour  Plot  of  Potential  (Cant  45  ,  Array  15  ) 

y/z  Planar  Cut  Through  Center  of  Thruster 
Normalized  Units,  20  Contours  from  -7  to  +12 
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Figure  B.6:  Contour  Plot  of  Potential  (Cant  45°,  Array  0°) 
Planar  Cut  Through  Center  of  Thruster 
Normalized  Units,  20  Contours  from  -7  to  +12 
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Figure  B.7:  Contour  Plot  of  Potential  (Cant  0  ,  Array  45  ) 

jJy  Planar  Cut  Through  Center  of  Thruster 
Normalized  Units,  20  Contours  from  -7  to  +12 
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Abstract 

A  computational  model  of  a  Stationary  Plasma  Thruster  (SPT)  plume  has  been  constructing  using  a 
quasi-neutral  Particle-in-Cell/Direct  Simulation  Monte  Carlo  (PIC-DSMC)  model.  This  model  is  based 
on  theoretical  work  showing  that  the  plume  consists  of  a  quasi-neutral  plasma  with  collisionless 
electrons  in  which  the  magnetic  field  can  be  neglected.  The  resulting  axisymmetric  simulation  and  its 
underlying  assumptions  are  described  in  detail,  and  comparisons  are  made  between  the  computational 
model  and  existing  experimental  measurements  of  the  ion  current  density  in  the  plume  region.  The 
comparison  highlights  weaknesses  in  both  the  model  and  the  data.  The  simulated  and  experimental 
results  agree  well  when  two  extra  current  sources  are  included  in  the  computational  model.  These 
sources  represent  a  lack  of  Xe""^  in  the  simulation  and  the  presence  of  external  current  sources  in  the 
experimental  tests.  Although  further  work  is  needed,  the  results  suggest  that  the  simulation  is 
accurately  modeling  the  physics  of  the  plume  region  and  that  it  can  give  pi;edictions  of  backflow 
currents  under  operational  conditions.  Further  work  is  planned  to  include  Xe**  in  future  simulations. 


Nomenclature 


A  =  Thruster  Exit  Area 

B  =  Magnetic  Field  Strength 

E  =  Electric  Field 

E^  =  Radial  Electric  Field 

E^  =  Axial  Electric  Field 

=  Ion  Macroparticle  Weight 
Woeutra!  =  Neutral  Macroparticle  Weight 
T^  =  Electron  Temperature 
Tj  =  Ion  Temperature 
Z;  =  Ionization  Number 
a^,  =  Speed  of  Sound 

Cf  =  Relative  Speed  between  Collision  Partners 

e  =  Elementary  Charge  =  1.6  x  lO'^®  C 

k  =  Boltzman’s  Constant  =  1.38  x  10'^^  J/K 

m^  =  Electron  mass  =  9.1 1  x  10’^'  kg. 

mj  =  Xe  ion  mass  =  2.18  x  10'^^  kg. 

rh  =  Anode  Propellant  Mass  Flow  Rate 

n^  =  Electron  Number  Density 

n^  =  Ion  Number  Density 

n^  =  Neutral  Number  Density 

rijjf  =  Reference  Electron  Number  Density 

p  =  Pressure 

r  =  Radial  Position 


r^  =  Insulator  Ring  Width 
^global  =  Global  Time  Count 
tjocai  =  Local  Time  Count 
Vj^  =  Velocity  Perpendicular  to  B  field 
v^  =  Axial  Ion  Velocity 
u  =  Velocity 
z  =  Axial  Position 
P  =  Random  Number  Between  0  and  1 
=  Debye  Length 

=  Electron-Neutral  Mean  Free  Path 
X^  =  Electron-Electron  Mean  Free  Path 
X^i  =  Electron-Ion  Mean  Free  Path 
e„  =  8.85  X  10  *^  F/m 
(p  =  Electrical  Potential 
Tij  =  Ionization  Fraction 
pge  =  Electron  Gyro  Radius 
Pgj  =  Ion  Gyro  Radius 
o  =  Collision  Cross  Section 

=  Charge  Exchange  Collision  Cross  Section 
=  Mean  Electron-Self  Collision  Cross  Section 
=  Mean  Ion-Electron  Collision  Cross  Section 
0  =  Angular  Position 

In  A  =  Spitzer  Logarithm 
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Introduction 

When  compared  to  chemical  propulsion  systems,  electric  propulsion  offers  substantial  fuel  savings 
for  stationkeeping  applications.  One  system  which  has  shown  particular  promise  is  the  Stationary 
Plasma  Thruster  (SPT),  also  referred  to  as  the  Hall  Thruster.  TTiese  devices  have  a  near  optimum 
specific  impulse  for  stationkeeping  and  one  model,  the  SPT- 100,  is  being  actively  marketed  by 
Russian  companies.  Western  designers  have  expressed  concern  that  the  SPT’s  plasma  plume  may 
erode  and  contaminate  sensitive  surfaces,  cause  parasitic  current  losses,  and  interfere  with 
communications  signals.  These  concerns  must  be  addressed  before  SPT’s  can  be  used  for  commercial 
applications. 

A  critical  step  in  addressing  these  issues  is  defining  and  modeling  the  characteristics  of  an  SPT ' 
plume.  Although  much  experimental  work  has  been  conducted  on  SPT  thrusters, only  limited 
efforts  have  been  made  to  model  the  processes  occurring  in  the  plume  region.^  In  addition,  the 
experiments  to  date  have  been  conducted  in  vacuum  tanks,  and  may  not  accurately  simulate  on-orbit 
conditions.  More  detailed  and  realistic  models  are  needed  to  fully  characterize  the  plume  region  and  to 
understand  the  relationship  between  ground  based  experimental  data  and  actual  operational  conditions. 

One  issue  of  major  concern  to  spacecraft  designers  is  the  effect  of  charge  exchange  (CEX) 
collisions  on  ions  in  the  plume  region.  A  CEX  collision  occurs  when  a  “slow”  neutral  and  a  “fast”  ion 
exchange  an  electron  to  create  a  fast  neutral  and  a  slow  ion.  The  resulting  slow  ion  can  be  accelerated 
back  towards  the  spacecraft,  creating  backflow  and  impingement  problems.  This  paper  describes  a 
detailed  computational  model  of  an  SPT’s  plume  region.  The  model  uses  a  combination  of  particle-in- 
cell  (PIC)  and  direct  simulation  Monte  Carlo  (DSMC)  methods  to  model  CEX  collision  and  track  ions 
and  neutrals  in  the  plume  region.  The  model  runs  quickly,  compares  favorably  to  experimental  data 
and  can  be  used  to  model  the  plume  on  meter  length  scales.  This  paper  describes  the  model  in  detail, 
presents  results  for  an  SPT- 100  operating  in  an  axisymmetric  geometry,  and  compares  the  results  to 
existing  experimental  data.  The  paper  also  presents  simulations  of  the  SPT- 100  operating  under 
conditions  which  have  not  been  studied  in  ground  based  tests.  This  paper  concentrates  on  modeling  of 
the  SPT- 100  because  this  is  most  extensively  studied  thruster  at  this  time.  The  model  can  be  modified 
and  applied  to  other  Hall  thrusters  as  they  are  developed. 

Section  1  presents  the  theoretical  basis  for  our  computational  model.  Section  2  describes  the  PIC- 
DSMC  algorithm  in  detail  and  describes  some  of  the  tests  used  to  verify  the  model.  Section  3  presents 
simulated  results  and  compares  them  to  existing  experimental  data.  Section  4  presents  conclusions  and 
discusses  plans  for  future  work. 

Section  1:  Basic  Theory  and  Fundamental  Parameters 

The  SPT- 100  thruster  has  been  studied  extensively  in  ground  tests  and  many  of  its  basic 
characteristics  are  well  documented.  Table  1  summarizes  some  relevant  results. 

The  characteristics  of  the  plume  region 
can  be  estimated  from  Table  1  based  on 
some  simple  assumptions.  The 
approximate  ion  and  neutral  densities  at  the 
exit  are  given  by 

n;  =  T].mlv^A 

no={^-n)fn/a„A  (1) 

Substituting  values  from  Table  1  gives  exit 
densities  of  n^  =  2.4  x  10’’  m'^  and  n„  = 
9.3  X  10'^  m  ^  The  plasma  and  neutral 
densities  downstream  of  the  thruster  can 

Table  1:  SPT-100  Basic  Characteristics  estimated  by  assuming  that  the  density 

falls  as  (jjz)  ,  and  results  of  this 


Inner  Insulator  Diameter^ 

56  ram 

Outer  Insulator  Diameter^ 

100  mm 

Propellant 

Xe 

Propellant  Flow  Rate^ 

5. 0-5. 2  mg./sec. 

Fraction  of  Propellant  Directed 
to  Cathode* 

-10% 

Electron  Temperature^  (T^) 

2-4  eV 

Axial  Ion  Velocity^  (vj 

-16000  m/s 

Fraction  of  Propellant  Ionized 
in  Discharge  Chamber  *  (tIj) 

>95% 
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calculation  are  given  in  Table  2.  The  resulting  plasma  densities  are  consistent  with  existing 
experimental  data.^  No  experimental  measurements  are  presently  available  for  the  neutral  density. 

Once  the  ion  and  neutri  density  are  known,  a  variety  of  fundamental  parameters  can  be  calculated. 
Table  2  lists  many  of  these  parameters.  The  methods  used  to  obtains  these  values  and  their 
implications  for  the  computation  model  are  discussed  in  the  rest  of  this  section. 


Radial  Position  | 

0.2  m 

1.0  m 

n/n. 

2.88  x  10'^  m-^ 

1.15  X  lO'^m-^ 

n« 

1.12  X  10*'m-^ 

4.49x  lO’^m  ' 

B 

~1G 

-0.01  G 

0.03  cm 

0.14  cm 

Pge 

6.7  cm 

670  cm 

Pg» 

230  m 

>20000  m 

85  m 

340  m 

130  m 

3200  m 

270  m 

6700  m 

Table  2:  Estimates  of  Fundamental 
Parameters  in  the  Plume  Region 


Debye  Length 

The  characteristic  length  over  which  charges  are 
neutralized  in  a  plasma  is  given  by  the  Debye  length 

The  Debye  lengths  shown  in  Table  2  are  based  on  an 
electron  temperature  of  4  eV.  These  relatively  small 
values  indicate  that  the  Debye  length  is  sm^  with 
respect  to  features  of  interest  in  the  plume  region. 
Even  at  z  =  4  m,  the  Debye  length  is  only  0.55  cm.  It 
can  therefore  be  assumed  that  the  plume  is  quasi- 
neutral  everywhere  except  in  a  thin  sheath  region  near 
solid  surfaces.  We  use  this  assumption  to  simplify  our 
PIC  model  and  avoid  the  direct  solution  of  Poisson’s 
equation.  The  details  of  our  method  are  discussed  in 
Section  2. 


Gyro  Radius 

A  magnetic  field  is  present  in  an  SPT’s  anode  region  to  capture  electrons  and  encourage  impact 
ionization  of  the  Xe  propellant.  The  extent  to  which  this  magnetic  field  “leaks”  into  the  plume  region 
has  been  measured  experimentally,  and  is  shown  in  Figure  1  ?  The  importance  of  the  magnetic  field  in 
the  plume  region  is  measured  by  the  gyro  radius,  which  is  given  by 

Pgi/e  =  mi/eVi  /  eB 

The  results  shown  in  Table  2  demonstrate  that  the  plume  ions  are  effectively  unmagnetized.  In 
addition,  although  electrons  are  strongly  magnetized  inside  the  discharge  chamber,  the  electron  gyro 
radius  becomes  quite  large  20  cm  from  the  thruster  and  extremely  large  1  m  away.  As  a  result,  the 
magnetic  field  can  be  ignored  at  distances  >  25  cm  from  the  thruster  exit.  We  note  also  that  recent 
experimental  work  suggests  that  plume  characteristics  are  only  indirectly  affected  by  the  magnetic  field. 
The  ion  distribution  appears  to  be  determined  well  inside  the  thruster,  and  varying  the  strength  of  the 
magnetic  field  has  no  measurable  influence  on  plume.'*  Since  our  simulation  begins  at  the  thruster  exit, 
we  choose  to  neglect  the  magnetic  field  throughout  the  plume  region. 


Mean  Free  Path 


The  importance  of  collisions  is  measured  by  the  mean  free  path,  which  is  given  by  the  well  known 

A  =  1/(/jct)  (2) 


relati(jnship 


In  an  SPT  plume,  electrons  can  collide  with  three  different  species:  ions,  neutrals,  and  other  electrons. 
Each  species  has  its  own  collision  cross  section  and  mean  free  path.  The  total  electron-Xe  (neutral) 
collision  cross  section  has  been  determined  experimentally.  For  electrons  with  an  average  velocity  of  4 

eV,  the  cross  section  is  ~2.6  x  10  ‘®  m^.*  The  resulting  X^/s  are  given  in  Table  2.  These  values  are 
large  with  respect  to  the  plume,  indicating  that  if  the  electrons  are  unmagnetized,  electron-neutral 
collisions  can  be  neglected. 

The  electron-electron  and  electron-ion  collision  cross  sections  are  based  on  coulomb  interactions 
and  can  be  calculated  from  theory.  Banks  has  derived  the  average  electron-ion  cross  section  for  T^m^ 
»  T/mj.^  The  result,  in  cgs  units,  is 
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2  (kTj^ 

Table  2  gives  the  resulting  with  T,  =  4  eV.  These  values  are  also  extremely  large  when  compared  to 

features  of  interest.  .  .  p 

The  mean  self  collision  cross  section  for  singly  ionized  species  is  given  by 

CT,,  =  (5.85xlO‘'°)lnA/r/  m' 

For  an  electron  temperature  of  4  eV,  this  gives  c  =  2.7  x  10  ’*  m^,  which  results  in  the  s  listed  in 
Table  2.  These  values  are  also  much  larger  than  features  of  interest  in  the  plume.  Therefore,  in  the 
absence  of  a  magnetic  field,  electrons  are  effectively  collisionless  in  the  plume  region. 

One  additional  process  of  interest  is  charge  exchange  collisions.  ITie  cross  section  for  CEX  for 
singly  ionized  Xenon  is  given  by" 

^cBf  ^2  f  ' 

where  =  -0.8821,  k2  =  15. 1262  and  c^  is  in  m/s.  ^Mthough  the  resulting  mean  free  path  is  large,  the 
resulting  backflow  is  non-negUgible  and  is  included  in  our  computational  model. 

In  summary,  the  results  shown  in  Table  2  indicate  that  the  bulk  of  the  SPT-100  plume  consists  of  a 
quasi-neutral,  unmagnetized  plasma  in  which  the  electrons  are  effectively  collisionless.  In  addition, 
although  there  is  a  small  magnetized  region  in  front  of  the  thruster  (z  <  0.25  m),  experimental  work 
suggests  that  the  overall  plume  structure  may  be  insensitive  to  changes  in  the  strength  of  the  magnetic 
field.  We  therefore  choose  to  neglect  the  magnetic  field  throughout  the  plume  region.  Charge 
exchange  collisions  are  also  of  importance  in  the  plume  region.  Although  the  CEX  mean  free  path  is 
long,  the  resulting  backflow  is  non-negligible  and  should  be  included  in  any  plume  model. 

Section  2:  Computational  Model 

In  order  to  model  the  SPT-100  plume,  we  constructed  a  PIC-DSMC  simulation  of  the  plume 
region.  Our  model  is  a  combination  of  the  PIC  and  DSMC  methods  as  described  by  Birdsall  and 
Bird’*  respectively.  Since  these  methods  are  well  known  individually,  only  features  specific  to  this 
model  win  be  described  in  detail.  A  flowchart  of  our  basic  method  is  shown  in  Figure  2. 

The  plume  simulation  moves  both  ions  and  neutrals  by  integrating  the  particle  equations  of  motion 
using  the  leapfrog  method.  In  axisymmetric  coordinates,  the  equations  of  motion  (without  collisions) 
are 

r-r0  =  qE^  I  m-  rO  +  IW  =  0  Z  =  qEJ  m- 

The  electric  field  is  determined  by  differentiating  the  potential.  In  conventional  PIC  schemes,  the 
potential  is  obtained  by  solving  Poisson’s  equation.  In  a  quasi-neutral  plasma,  however,  the  potential 
can  be  obtained  by  inverting  the  electron  momentum  equation.  For  collisionless,  unmagnetized 
electrons,  the  momentum  equation  is 

m^n^(u  •  V)u  =  -  Vp 

At  low  drift  velocities,  the  first  (inertial)  term  can  be  neglected.  We  also  assume  that  the  electrons  are 
isothermal,  resulting  in  the  familiar  Boltzman  relationship. 

n,  =  n„f  e\p{e0  /  kT, )  (4) 

The  potential  is  obtained  using  the  following  procedure.  The  ion  density  is  determined  by  weighting 
macroparticles  to  the  nodes  of  an  embedded  grid.  The  weighting  functions  for  an  axisymmetric 
geometry  were  worked  out  by  Ruytan,  and  are  given  by 
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Where  S  is  the  weighting  factor  and  subscripts  refer  to  grid  coordinates.  Since  the  plume  is  Quasi- 
neutral,  the  electron  density  can  be  set  equal  to  the  ion  density.  EquaUon  (4)  ^  then  myerted  to 
obtain  the  potential,  thus  avoiding  the  direct  solution  of  Poisson  s  ^uation  The  a  f^t 

method  which  is  free  of  many  of  the  restrictions  present  on  conventmnal  PIC  codes.  Because  the 
plasma  is  assumed  to  be  quasi-neutral,  the  Debye  length  does  not  limit  the  size  of  the  c  . 
Instead  grid  cell  sizes  are  limited  by  geometry  and  the  need  to  resolve  potential  gradients.  Similarly, 
time  steps  are  limited  by  energy  conservation  and  the  need  to  ensure  that  ^ 

distance  relative  to  the  width  of  local  potential  gradients.  In  practice,  we  msure  that  the  fastest  beam 

ions  in  the  simulation  move  no  more  than  one  grid  cell  in  each  time  step.  a 

CEX  collisions  are  modeled  between  move  steps  using  a  modified  DSMC  method  which  is 
in  Figure  4.  A  conventional  selection-rejection  scheme  is  used  to  determine  collision  pairs  and  the 
local  time  counter  method  is  used  to  determine  collision  frequencies.  When  a  collision  takes  p  ace 
between  two  particles  with  equal  weights,  the  ion  and  neutral  particle  velocities  are  exchanged,  thus 
creating  a  “slow”  ion  and  a  “fast”  neutral.  If  the  simulated  neutrals  have  a  larger  macroparticle  weigh 
than  the  simulated  ions,  an  additional  Monte  Carlo  selection  is  made  to  determme  whether  the  neutr 
velocity  should  be  modified.  This  ensures  that  the  total  energy  and  momentum  m  the  simulation  are 
statistically  conserved  over  many  collisions.  In  the  limit  as  Sie  weights  become  equal,  our  schenie 
becomes  a  conventional  DSMC  method.  In  the  other  limit,  as  the  neutral  lyeight  becomes  mfimtely 
large  our  scheme  approaches  the  conditions  simulated  in  a  PIC-MCC  method.  We  use  equal  weights 
when  simulating  an  SPT-100  operating  in  vacuum  and  unequal  weights  when  simulatmg  ground  tests 
In  aU  cases  all  members  of  one  species  (either  ions  or  neutrals)  have  the  same  macroparticle  weight. 

The  same  grid  is  used  for  both  the  PIC  and  DSMC  parts  of  the  simulation. 

The  accuracy  of  our  DSMC  algorithm  was  tested  by  simulating  a  collimated  beam  of  ions  entermg  a 
stationary  neutral  gas  and  comparing  the  results  to  theory.  The  sirnulated  collision  frequency  was 
shown  to  be  accurate  as  long  as  more  than  twenty  macro  particles  (ten  from  each  species)  were  present 
in  the  ceU.  The  results  shown  in  this  paper  are  all  produced  with  at  least  forty  macro  particles  (twenty 

from  each  species)  present  in  each  cell.  f  cd't  inn 

Particles  are  loaded  into  the  simulation  at  each  time  step  to  simulate  the  exit  flow  from  an  SPT-IUU. 
The  number  of  ions  and  neutrals  introduced  in  each  time  step  is  determmed  using  equation  (D  and 
assumes  that  the  flow  is  95%  ionized.  The  ion  distribution  is  determined  from  an  empincal  model 
developed  from  experimental  measurements  of  the  ion  current  density  4  min  from  the  thruster  exit. 
These  measurements  give  the  magnitude  and  direction  of  the  ion  current  as  a  function  of  radial  position 
at  an  unspecified  propellant  flow  rate.  We  found  that  the  measured  current  density  can  be  descnbed  by 
the  following  functions 

a  =  1730  - 2.30 X  lO^r 4- 1.06  X  lOV^ -2.05x10* -1-1.45x10  r  (5) 


;■  = -1210 -I- 8.40  X  lOV  - 1.78  X  lOV^ -I- 1.18  X  lOV* 


(6) 


Where  a  is  the  divergence  angle  in  degrees,  j  is  the  current  density  in  mA/cm  and  r  is  the  radial 
position  in  meters.  A  model  for  the  ion  distribution  is  derived  by  assuming  that  ions  leave  the  thruster 
with  a  drift  velocity  of  16000  m/s  in  the  r/z  plane.  Variations  m  current  density  then  correspond  to 
variations  in  number  density.  Equation  (6)  can  be  normalized  by  the  integrated  beam  current  to  give 
P  =  2.55  - 1.67  X 10 -1-  7.71  X  lOV*  - 1.23  x  lOV''  -i-  6.50  x  10^  (7) 

Eauation  (7)  gives  the  probability  that  an  ion  crossing  the  exit  plane  has  a  radial  position  less  than  r. 
The  following  procedure  can  therefore  be  used  to  load  plume  ions.  A  random  number  P  is  chosen 
between  0  and  1  Equation  (7)  is  then  inverted  computationally  to  give  the  particle’s  radial  position. 
Eauation  (5)  can  then  used  to  determine  the  particle’s  divergence  angle.  The  divergence  angle,  m  turn, 
^  be  used  to  calculate  the  axial  and  radial  drift  velocities.  Finally,  thermal  components  are  added  in 
the  axial  and  radial  direction  based  on  temperatures  of  3.4  eV  and  8000  K  respectively.  The  axial 
temperature  matches  measurements  made  by  Manzella,  and  the  radial  velocity  ^  a  reasonable  guess. 
The  particle’s  tangential  velocity  is  determined  independently  by  assuming  a  dnft  velocity  ot  250  m/s 
and  a  temperature  of  800  K.  These  values  also  match  measurements  made  by  ManzeUa  . 
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Because  the  cathode  can  not  be  directly  included  in  an  axisymraetric  geometry,  the  propellant  which 
normally  flows  through  the  cathode  was  assumed  to  flow  through  the  anode  as  unionized  propellant. 
The  neutral  distribution  has  not  been  measured  in  the  plume  region,  so  we  assume  that  the  neutrals 
have  a  temperature  of  1000  K  and  are  choked  at  the  thruster  exit.  In  order  to  verify  the  accuracy  of  our 
model,  the  kinetic  and  potential  energy  in  the  simulation  were  tracked  and  it  was  shown  that  energy 
was  properly  conserved  in  steady  state.  The  final  simulation  was  written  in  C  and  runs  were  carried 
out  on  a  Digital  Equipment  Alpha  200  Workstation  with  64  megabytes  of  RAM.  Run  times  were 
typically  between  2  and  4  hours. 


Section  3:  Results  and  Discussion 

A  series  of  simulations  were  run  to  examine  the  effect  that  the  background  pressure  present  in 
ground  test  facilities  has  on  the  structure  of  the  SPT-100  plume.  Four  different  ambient  pressures 
were  simulated  as  well  as  operation  in  an  ideal  vacuum.  A  single  computational  domain  was  used  for 
all  simulations  and  is  shown  in  Figure  3.  The  presence  of  background  gas  was  simulated  by  adding 
neutral  Xe  particles  in  a  Maxwellian  distribution  and  by  including  thermal  Xe  fluxes  along  boundaries 
with  the  ambient  plasma.  The  background  ion  temperature  was  assumed  to  be  300  K  and  the  number 
density  was  determined  using  the  ideal  gas  law.  Typical  results  are  shown  in  Figures  5  and  6.  The 
ambient  pressure  is  5.6  x  10'®  Torr  and  the  anode  propellant  flow  rate  is  4.9  mg/sec. 

Figure  5  shows  a  contour  plot  of  the  potential  overlaid  with  vectors  showing  ion  current  direction 
and  magnitude.  Larger  vectors  correspond  to  the  higher  current  magnitudes.  The  primary  beam  is 
clearly  visible  in  Figure  5  as  a  region  of  high  potential  close  to  the  r=0  axis.  In  addition  to  the  main 
beam,  however,  a  bump  is  visible  in  the  potential  to  the  front  and  side  of  the  thruster  and  backflow 
current  is  clearly  visible  to  the  side  and  back  of  the  thruster.  The  bump  and  the  corresponding  current 
flow  is  caused  by  CEX  ions.  Figure  6  shows  a  phase  space  plot  of  die  simulated  data  with  different 
species  labeled  by  type.  CEX  ions  are  clearly  visible  in  this  diagram  as  a  wing  of  low  velocity  ions 
which  are  accelerate  sideways  and  backwards  by  the  electric  field.  Xe  neutrals  are  also  visible  in 
Figure  6  as  a  cluster  of  low  speed  particles  near  the  origin.  Although  CEX  ions  begin  with  a  relatively 
low  speed,  the  plume’s  potential  structure  tends  to  drive  these  ions  sideways  and  backwards,  towards 
the  spacecraft  rather  than  away  from  it.  These  CEX  ions  can  then  impact  spacecraft  surfaces,  causing 
contamination  and  erosion  damage. 

Figure  7  shows  simulated  ion  current  densities  as  measured  at  five  different  ambient  pressures  in  an 
arc  60  cm  from  the  thruster  exit.  The  current  was  measured  at  angles  from  0  to  100  degrees  from  the 
centerline  and  then  reflected  to  obtain  measurements  at  negative  angles.  As  one  would  expect,  higher 
ambient  pressures  result  in  higher  backflow  currents  due  to  a  higher  CEX  collision  rate.  Even  when 
the  thruster  operates  in  full  vacuum,  however,  backflow  still  occurs  due  to  CEX  collisions  with 
unionized  propellant.  It  should  be  noted  that  even  at  fairly  lower  pressure,  the  presence  of  ambient 
neutrals  has  a  measurable  effect  on  the  backflow  current.  Our  model  provides  a  means  of  estimating 
the  actual  backflow  which  wiU  be  present  under  orbital  conditions.  Figure  7  indicates  that  the 
backflow  current  present  in  orbit  can  be  much  lower  than  that  measured  in  ground  tests. 

In  order  to  assess  the  accuracy  of  our  PIC-DMSC  model,  the  results  shown  in  Figure  7  were 
compared  to  existing  experimental  data.  Manzella  measured  the  ion  current  density  in  an  arc  60  cm 
from  an  SPT-100  thruster  at  angles  from  -100  to  100  degrees  from  the  centerline  and  showed  that  the 
current  density  varies  significantly  with  the  facility  pressure."*  His  results  are  shown  in  Figure  9,  and 
direct  comparisons  to  simulated  data  are  shown  in  Figure  8.  The  peaks  are  not  aligned  in  these  plots 
because  the  experimental  data  is  not  exactly  centered  on  zero.  Although  the  same  basic  trends  are 
present  in  both  sets  of  data,  there  are  notable  differences  in  the  shape  and  magnitude  of  these  results. 
In  particular,  the  computed  results  consistently  underpredict  the  current  density  at  aU  pressures  and 
angles.  As  a  result,  the  total  beam  current  is  much  larger  in  the  experimental  case  than  it  is  in  the 
simulations.  The  beam  current  can  be  calculated  by  numerically  integrating  the  data  presented  in  Figure 
9.  The  results  of  such  an  integration  are  shown  in  Table  3.  Two  additional  values  are  also  shown  in 
Table  3.  The  “expected  value,”  is  the  beam  current  which  would  be  present  if  the  entire  propellant 
flow  were  singly  ionized  as  it  passed  though  the  anode.  This  approximately  equals  the  integrated 
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current  measured  in  the  simulated  data.  The  “discharge  current”  is  the  experimentally  measured  current 
flow  between  the  anode  and  cathode. 


Table  3  shows  that  the  experimentally  measured 
beam  current  exceeds  the  expected  current  by  between 
28%  and  68%.  The  amount  by  which  the  current 
exceeds  the  expected  value  varies  with  pressure, 
suggesting  that  some  interaction  is  occurring  between  the 
thruster  and  the  ambient  background.  In  addition,  Table 
3  also  shows  that  the  beam  current  exceeds  the  discharge 
current.  Since  the  beam  current  should  always  be  less 
than  the  discharge  current,  this  indicates  that  an  external 
current  source  must  be  present  in  the  experimental  data. 
To  determine  the  impact  of  this  external  current  on  our  results,  we  conducted  simulations  in  which  the 
anode  ion  flow  was  increased  by  the  difference  between  the  expected  value  and  the  beam  currents 
given  in  Table  3.  The  results  of  fliese  simulations  are  shown  in  Figure  10. 

Figure  10  shows  that  there  is  good  agreement  between  the  PIC-DSMC  model  and  experimental  data 
when  the  extra  current  shown  in  Table  3  is  included  in  the  simulation.  The  fraction  of  this  extra 
current  which  is  less  than  the  discharge  current  is  thought  to  be  due  to  the  presence  of  doubly  ionized 
Xe  (Xe"*),  which  is  not  presently  included  in  the  simulation.  Experimental  work  suggests  that  Xe'"'' 
composes  perhaps  20%  of  the  plume,^  which  matches  the  difference  between  the  expected  and 
discharge  current  values.  Work  is  currently  underway  to  include  Xe**  in  the  simulation.  At  higher 
pressures,  however,  a  substantial  fraction  of  the  extra  current  exceeds  the  discharge  current.  We 
therefore  conclude  that  an  anomalous  external  current  source  is  biasing  the  experimental  data.  The 
strength  of  this  source  is  heavily  influenced  by  the  presence  of  ambient  neutrals.  This  suggests  that  the 
current  may  be  caused  by  an  ambient  plasma,  either  due  to  thermal  currents  or  due  to  recirculation 
within  the  vacuum  chamber.  Further  work  is  needed  to  clarify  this  issue. 

In  summary,  the  PIC-DSMC  model  presented  in  this  paper  compares  fairly  well  to  existing 
experimental  data  when  the  simulation  is  modified  to  include  all  current  sources  present  in  ground 
based  experiments.  The  modified  ion  beam  currents  result  in  part  from  weaknesses  in  the  model  and 
in  part  from  unknown  current  sources  present  in  this  particular  experiment.  When  this  additional 
current  is  included  in  the  simulation,  the  simulated  current  density  agrees  quite  well  with  experimental 
measurements.  The  results  presented  in  this  section  also  show  that  the  ambient  density  present  in 
ground  based  tests  has  a  measurable  effect  on  the  backflow  currents  caused  by  CEX  ions.  Simulations 
of  a  thruster  operating  in  vacuum  suggest  that  ground  tests  are  likely  to  overpredict  the  backflow 
current  which  wiU  actually  occur  under  operation^  conditions. 


Pressure  (Torr) 

Current  (A) 

2.2  X  10-'’ 

4.69 

5.6  X  10® 

5.26 

2.5  X  10'® 

5.97 

6.3  X  10  ® 

6.15 

Expected  Value 

3.66 

Discharge  Current 

~4.5 

Table  3:  Integrated  Beam  Currents 


Section  4:  Conclusions  and  Future  Work 

A  computational  model  of  an  SPT  plasma  plume  has  been  constructing  using  a  quasi-neutral  PIC- 
DSMC  model.  This  model  is  based  on  theoretical  work  showing  that  the  plume  consists  of  a  quasi¬ 
neutral  plasma  with  collisionless  electrons  in  which  the  magnetic  field  can  be  neglected.  The  resulting 
axisymmetric  simulation  can  model  an  SPT  plume  on  meter  length  scales  with  run  times  of  only  2-4 
hours.  Comparisons  between  the  computational  model  and  existing  data  highlight  weaknesses  in  both 
the  model  and  the  data.  The  simulated  and  experimental  results  agree  well  when  the  extra  currents 
shown  in  Table  3  are  included  in  the  computational  model.  These  extra  currents  appear  to  represent 
both  a  lack  of  Xe**  in  the  simulation  and  Ae  presence  of  external  current  sources  in  the  experimental 
tests.  Although  further  work  is  needed,  the  results  suggest  that  the  simulation  is  accurately  modeling 
the  physics  of  the  plume  region  and  that  it  can  give  predictions  of  backflow  currents  under  operational 
conditions. 

Future  work  is  planned  to  improve  this  model  and  expand  it  to  more  realistic  geometries.  A  model 
for  Xe**  CEX  collisions  will  be  added  in  the  near  future  and  an  effort  will  be  made  to  evaluate  the 
influence  of  the  magnetic  field  in  the  region  very  close  to  the  thruster  exit.  Surface  interaction  models 
will  also  be  added  to  the  simulation  to  allow  prediction  of  ion  impingement  energies  and  erosion 
effects.  In  addition,  we  note  that  the  present  axisymmetric  simulation  does  not  allow  modeling  of 
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realistic  spacecraft  geometries.  We  will  address  this  issue  through  future  work  on  a  3-D  PIC-DSMC 
simulation.  Such  a  simulation  would  allow  direct  modeling  of  plume  interactions  with  meter  scale 
spacecraft  on  workstation  class  machines.  When  mature,  the  PIC-DSMC  model  should  be  a  useful 
tool  for  investigating  the  impact  of  SPT  thrusters  on  commercial  satellites. 

Acknowledgments 

The  authors  would  like  to  thank  Tom  Randolph  at  Space  Systems  Loral  and  David  ManzeUa  at 
NYMS,  Inc.  for  providing  us  with  the  data  used  in  this  paper.  This  paper  was  funded  by  the  Air  Force 
Office  of  Scientific  Research. 


References 

'  Absalamov,  S.K.,  Andreev,  V.B.  et  al.  “Measurement  of  Plasma  Parameters  in  the  Stationary 
Plasma  Thruster  (SPT- 100)  Plume  and  Its  Effect  on  Spacecraft  Components,”  AIAA  Paper  92-3156, 
July  1992. 

^  ManzeUa,  D.H.  “Stationary  Plasma  Thruster  Plume  Emissions,”  lEPC  Paper  93-097,  September 
1993. 

^  ManzeUa,  D.H.  “Stationary  Plasma  Thruster  Plume  Velocity  Distribution,”  AIAA  Paper  94-3141, 
June  1994. 

ManzeUa,  D.H.  and  Sankovic,  J.M.  “Hall  Thruster  Ion  Beam  Characterization,”  AIAA  Paper  95- 
2927,  July  1995. 

^  Myers,  R.  M.  and  ManzeUa,  D.H.  “Stationary  Plasma  Thruster  Plume  Characteristics,”  lEPC 
Paper  93-096,  September  1993. 

®  Rhee,  M.S.  and  Lewis,  M.J.  “Numerical  Simulation  of  Stationary  Plasma  Thruster  Exhaust 
Plume,”  AIAA  Paper  95-2928,  July  1995. 

’  Randolph,  T.  Space  Systems  Loral.  Internal  Memorandum. 

*  Chapman,  B.  Glow  Discharge  Processes,  Wiley,  New  York,  1980,  pg.  45. 

®  Banks,  P.  “Collision  Frequencies  and  Energy  Transfer,  Electrons,”  Planet.  Space  Sci.,  Vol.  14, 
1966,  pp.  1085-1101. 

Mitchner,  M.  and  Kruger,  C.  Partially  Ionized  Gases,  Wiley,  1973,  pg.  58. 

"  Rapp,  D.  and  Francis,  W.E.  “Charge  Exchange  Between  Gaseous  Ions  and  Atoms,”  Journal  of 
Chemical  Physics,  Vol.  37,  No.  11,  1962,  pp.  2631-2645. 

Birdsall,  C.K.  and  Langdon,  A.B.  Plasma  Physics  Via  Computer  Simulation,  Adam  Hilger, 
Bristol,  1991. 

Bird,  G.A.  Molecular  Gas  Dynamics,  1st  ed..  Clarendon  Press,  Oxford,  1976. 

Ruytan,  W.M.  “Density-Conserving  Space  Factors  for  Particle  Simulations  in  Cylindrical  and 
Spherical  Coordinates,”  J.  Comp.  Phys.,  Vol.  105,  1993,  pp.  224-232. 

Gavryushin,  V.M.  and  Kim,  V.  “Effect  of  the  Characteristics  of  a  Magnetic  Field  on  the 
Parameters  of  an  Ion  Current  at  the  Output  of  an  Accelerator  with  Closed  Electron  Drift,”  Sov.  Phys. 
Tech.  Phys.,  Vol.  26,  No.  4,  April  1981,  pp.  505-507. 


8 


Ambient  Plasma  Magnetic  Field  (Gauss) 


Figure  2:  PIC-DSMC  Simulation 
Algorithm 


Ambient  Plasma 


Figure  4:  DSMC  Collision  Algorithm 


(Contours  are  4  V  apart) 


Figure  5:  Contour  Plot  of  Potential  and 
Vector  Plot  of  Current  Density 

.Beam  Ions 
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Raudial  Vebciiy  (in/s) 

Figure  6:  Phase  Space  Plot  of 
Plume  Ions 
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Figure  7:  Simulated  Ion  Current  Density 
as  a  Function  of  Ambient  Pressure 
(z  =  60  cm) 

Pressure  =  2.2  x  10'®  Ton- 


Figure  9:  Measurements  of  Ion  Current 
Density  as  a  Function  of  Facility  Pressure 
(z  =  60  cm)'* 


Pressure  =  2.2  x  10'^  Torr 


Figure  8:  Comparison  of  Experimental 
and  Simulated  Ion  Current  Densities 
(z  =  60  cm) 


Pressure  =  6.3  x  10'^  Torr 


Figure  10:  Comparison  of  Experimental 
and  Simulated  Ion  Current  Densities  with 
Modified  Beam  Currents  (z  =  60  cm) 
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Abstract  Nomenclatune 


A  computational  model  of  a  Stationary  Plasma 
Thruster  (SPT)  has  been  developed  using  a  quasi-neutral 
Particle-in-Cell/Direct  Simulation  Monte  Carlo  (PIC- 
DSMC)  model.  This  model  is  based  on  previous  work 
showing  that  the  plume  consists  of  a  quasi-neutral  plasma 
with  collisionless  electrons  in  which  the  magnetic  field 
can  be  neglected.  Axisymmetric  and  three  dimensional 
versions  of  the  model  have  been  developed  and  validated 
against  each  other.  The  axisymmetric  model  is  used  to 
simulate  a  SPT- 100  operating  in  vacuum,  the  neutral 
background  present  in  ground  based  tests  is  shown  to  have 
a  significant  influence  on  the  CEX  collision  rate.  The 
neutral  background  is  shown  to  cause  experiments  to 
overpredict  the  backflow  from  an  SPT  plume.  Predictions 
are  made  for  the  sputter  erosion  rates  of  Silver,  Quartz, 
and  Silicon  surfaces  placed  in  the  plume  region.  Results 
are  presented  to  aid  designers  making  “back  of  the 
envelope”  calculations  of  surface  erosion  rates,  and  it  is 
shown  that  the  erosion  rate  scales  with  the  square  of  the 
distance  from  the  anode  exit. 

A  three  dimensional  PIC-DSMC  model  has  been  used 
to  simulate  an  SPT-lOO  thruster  mounted  on  a  typical 
communications  satellite.  A  surface  sputtering  model  is 
used  to  predict  the  impact  the  plume  has  on  surfaces  of  the 
satellite.  Results  are  presented  for  an  SPT-lOO  mounted 
at  different  angles  with  respect  to  the  solar  array.  The 
results  show  that  the  thruster’s  cant  angle  has  a  large 
impact  on  the  rate  of  erosion  and  the  area  over  which 
erosion  occurs.  Future  work  is  planned  to  convert  the 
PIC-DSMC  model  to  support  simulations  on  unstructured 
meshes. 


*  Research  Assistant,  Student  Member,  AIAA 
■’"Professor  of  Aeronautic  and  Astronautics,  Associate 
Fellow,  AIAA 


Te  =  Electron  Temperature 

c,  =  Mean  Electron  Thermal  Velocity 

Cr  =  Relative  Speed  between  Collision  Partners 

-19 

e  =  Elementary  Charge  =  1.6  x  10  C 
k  =  Boltzmann’s  Constant  =  1.38  X  10  J/K 
He  =  Electron  Number  Density 
no  =  Reference  Charge  Density  (arbitrary) 
njef  =  Reference  Electron  Number  Density 
z  =  Axial  Distance  from  Anode  Exit 
r  i  =  Ion  Flux 
tp  =  Electrical  Potential 

Introduction 

When  compared  to  chemical  propulsion  systems, 
electric  propulsion  offers  substantial  fuel  savings  for 
stationkeeping  applications.  One  system  which  has 
shown  particular  promise  is  the  Stationary  Plasma 
Thruster  (SPT),  also  referred  to  as  the  Hall  Thruster. 
These  devices  have  a  near  optimum  specific  impulse  for 
north-south  stationkeeping  and  are  being  actively  marketed 
for  use  on  Western  satellites.  However,  although  SPT’s 
have  an  extensive  Russia  flight  heritage,  they  have  yet  to 
fly  on  a  Western  satellite.  Western  designers  have 
expressed  concern  that  the  plasma  plume  emitted  by  the 
SPT  may  erode  and  contaminate  the  surfaces  of  satellites 
and  interfere  with  communications  signals.  These 
concerns  must  be  addressed  before  SPT’s  can  be  used  for 
commercial  applications. 

In  order  to  study  plume  contamination  issues,  a 
substantial  amount  of  experimental  work  has  been 
conducted.  Ion  fluxes  and  distributions  have  been 
determined  and  plume  induced  sputtering  and 
contamination  have  been  measured  in  several  ground 
experiments.'’'*  But  at  the  same  time,  relatively  little 
effort  has  been  made  to  model  processes  occurring  in  the 
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SPT’s  plume  region.  Those  models  which  do  exist  are 
relatively  simple  and  are  not  well  suited  to  modeling 
complex  satellite  geometries.^’^  More  detailed  models  are 
needed  to  fully  characterize  the  plume  and  to  understand 
the  relationship  between  existing  experimental  data  and 
actual  operating  conditions. 

This  paper  presents  an  advanced  computational  model 
of  an  expanding  SPT  plume.  The  model  uses  a 
combination  of  the  Particle-in-Cell  (PIC)  and  Direct 
Simulation  Monte  Carlo  (DSMC)  methods  to  model 
collisions  in  the  plume  and  track  the  flow  of  ions  and 
neutrals  across  the  domain.  The  basic  PIC-DSMC 
algorithm  has  been  described  in  previous  work.*^  Many 
improvements  have  been  made  to  the  model,  including  the 
use  of  double  ions,  the  addition  of  surface  sputtering,  and 
the  development  of  an  improved  source  model. 
Axisymme^ic  and  three  dimensional  versions  of  the  code 
have  been  developed  and  validated  against  experimental 
data  and  the  simulation  has  demonstrated  the  ability  to 
model  the  plume  on  meter  length  scales.  The  resulting 
model  runs  on  a  UNIX  w'orkstation  and  should  be  useful 
to  designers  interested  in  evaluating  the  impact  of  an  SPT 
on  realistic  satellite  configurations. 

An  axisymmetric  plume  model  is  described  in  detail 
in  a  companion  paper  which  compares  simulated  results  to 
a  variety  of  experimental  data.^  Simulated  ion  current 
density  measurements  are  shown  to  match  experimental 
data  to  within  a  factor  of  two  to  three  on  meter  length 
scales.  A  surface  erosion  model  is  also  presented  and 
show^n  to  agree  well  with  experimental  data,  though  the 
results  depend  heavily  on  the  sputtering  coefficient.  This 
paper  presents  axisymmetric  and  three  dimensional  results 
which  simulate  conditions  beyond  those  which  can  be 
studied  in  ground  based  experiments.  These  results 
include  an  axisymmetric  simulation  of  an  SPT-100 
operating  in  vacuum  and  three  dimensional  simulations  of 
a  SPT  thruster  mounted  on  a  communications  satellite. 
The  paper  concentrates  on  modeling  the  SPT- 100  because 
it  is  the  most  extensively  studied  of  the  Hall  thrusters  at 
this  time.  In  principle,  the  model  can  be  modified  and 
applied  to  new  Hall  and  anode  layer  (TAL)  thrusters  as 
data  becomes  available. 

Section  2  summarizes  the  PIC-DSMC  algorithm  and 
describes  aspects  of  the  model  which  are  unique  to  the 
three  dimensional  geometry,  section  3  presents  simulated 
results  of  an  SPT- 100  operating  in  vacuum,  and  section  4 


presents  results  from  a  fully  three  dimensional  simulation 
of  an  SPT-100  mounted  on  a  communications  satellite. 
Finally,  section  5  presents  conclusions  and  plans  for 
future  work. 

Theory  and  Computational  Method 

The  PIC-DSMC  model  used  in  this  paper  has  been 
described  in  detail  in  previous  work.^  This  section  briefly 
summarizes  the  basic  algorithm  and  describes  aspects  of 
the  model  specific  to  a  three  dimensional  geometry.  It 
focuses  in  particular  on  the  boundary  conditions  used  to 
simulate  the  surfaces  of  satellites  and  their  interaction 
with  the  surface  erosion  model.  Details  of  the  underlying 
method,  including  the  axisymmetric  model,  are  given  in  a 
companion  paper.^ 

The  SPT-100  has  been  studied  extensively  in  ground 
tests  and  many  of  its  basic  characteristics  are  well 
documented.  Table  1  gives  the  parameters  used  to  model 
the  thruster  in  the  PIC-DSMC  plume  model. _ 


Inner  Anode  Diameter^ 

56  mm 

Outer  Anode  Diameter^ 

100  mm 

Cathode  Orifice  Diameter^ 

0.5  mm 

Propellant 

Xe 

Propellant  Flow  Rate^ 

5,2  mg  ./sec. 

Fraction  of  Propellant  Directed 
to  Cathode^ 

-10% 

Electron  Temperature^  (Te) 

2eV 

Axial  Ion  Velocity^ 

-17000  m/s 

Fraction  of  Ions  which  are 
Double  Ions’ 

-20% 

Fraction  of  Propellant  Ionized 
in  Discharge  Chamber^ 

>  95% 

Table  1:  SPT-100  Basic  Characteristics 


Xe  propellant  is  ionized  in  the  anode  and  emerges  from  the 
thruster  in  the  form  of  neutrals,  ions,  and  double  ions. 
The  following  statements  can  be  made  about  the  plume 
region.^ 

•  The  Debye  length  is  small,  so  the  plume  is  quasi¬ 
neutral  except  near  surfaces. 

•  The  ions  are  unmagnetized. 

•  The  elections  are  unmagnetized  when  z  >  25  cm. 

•  The  electrons  are  collisionless. 

Based  on  these  observations,  we  have  constructed  a  quasi¬ 
neutral  PIC-DSMC  simulation  of  a  Hall  Thruster  plume. 
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The  PIC'DSMC  method  uses  macroparticles  to 
statistically  model  gases  at  a  molecular  level.  The  particle 
equations  of  motion  are  integrated  using  the  leapfrog 
method  and  the  electric  field  is  obtained  from  the  electric 
potential,  which  is  in  turn  obtained  by  inverting  the 
Boltzmann  relationship. 

=  «rf/exp(e(^/A.Tj 

This  procedure  is  valid  for  isothermal,  collisionless  and 
unmagnetized  electrons  moving  at  low  drift  velocities.  A 
constant  electron  temperature  of  2  eV  is  assumed  in  these 
simulations. 

Collisional  processes  are  modeled  between  move 
steps  using  the  DSMC  method.  Table  3  shows  the 
collision  processes  included  in  the  present  PIC-DSMC 
model. 


CEX 

Elastic 

Xe-Xe+ 

Xe-Xe++ 

Xe-Xe 

Xe-Xe+ 

Xe-Xe++ 

Table  3:  Collisions  covered  in  the  simulation 

Collisions  between  charged  particles  are  not  included 
because  it  is  computationally  impractical  to  simulate 
them  at  the  present  time.^ 

Particles  are  loaded  into  the  simulation  at  each  time 
step  to  simulate  the  flow  from  a  Hall  thruster.  The  ion 
and  neutral  distribution  functions  are  determined  from  an 
empirical  model  of  an  SPT-100  which  has  been  described 
in  previous  work.^  This  model  is  based  on  experimental 
data  and  contains  no  free  parameters.  Approximately  10% 
of  the  propellant  entering  an  SPT-100  is  diverted  to  the 
cathode.  This  flow  is  assumed  to  consist  entirely  of 
neutrals  and  is  treated  differently  in  axisymmetric  and  three 
dimensional  domains.  In  a  three  dimensional  geometry, 
the  flow  emerges  from  a  cathode  orifice  which  is  placed 
7.5  cm  above  and  1.0  cm  downstream  of  the  center  of  the 
anode  exit.  In  an  axisymmetric  geometry,  the  cathode 
orifice  can  not  be  directly  simulated  due  to  geometric 
restrictions.  The  flow  from  the  cathode  is  therefore 
diverted  to  the  anode  where  it  emerges  as  unionized 
propellant.  Both  cathode  and  anode  neutrals  are  assumed 
to  have  a  temperature  of  1000  K  and  are  choked  at  the 
cathode  and  anode  exits  respectively. 


The  major  motivation  for  developing  a  three 
dimensional  plume  model  is  to  model  realistic  spacecraft 
geometries.  Figure  1  shows  a  three  dimensional  model  of 
a  commercial  communications  satellite.  The  three 
dimensional  PIC-DSMC  model  is  built  on  an  embedded 
Cartesian  mesh.  A  simulated  bus,  yoke,  and  solar  array 
are  shown  on  a  3.2  m  x  4.4  m  x  3.2  m  computational 
domain,  and  an  embedded  grid  is  visible  along  the  edge  of 
the  main  bus.  This  grid  is  collocated  with  the  thruster  and 
is  used  to  better  resolve  the  core  of  the  plume.  The 
section  of  bus  shown  has  dimensions  of  1.1  m  x  1  m  x 
2.6  m  and  represents  a  quarter  of  the  spacecraft’s  main 
bus.  A  1.9  meter  yoke  connects  the  bus  to  the  end  of  a 
solar  array.  The  array  is  1.5  meters  wide  and  continues  off 
the  top  of  the  domain.  Only  the  bottom  2.7  meters  of  the 
array  is  included  in  the  simulation,  and  it  is  this  area 
which  should  experience  the  most  plume  degradation. 
There  are  several  limitations  on  the  types  of  satellites 
which  can  be  modeled  with  a  3D  embedded  grid.  First,  in 
order  to  improve  computational  efficiency,  all  surfaces  in 
the  domain  must  be  grid  conforming.  This  means  that  the 
satellite  must  be  constructed  from  boxes  that  follow  cell 
boundaries  and  precludes  the  use  of  curved  surfaces  to 
model  antennae.  Second,  the  weighting  functions  used 
along  the  boundaries  between  adjacent  objects  are 
calculated  as  though  only  one  object  were  present.  As  a 
result,  both  charge  and  neutral  densities  are  calculated 
incorrectly  along  the  line  which  intersects  both  objects. 
However,  the  accuracy  of  the  simulation  away  from  this 
boundary  is  not  affected.  Third,  the  resolution  of 
embedded  grids  is  fundamentally  limited  by  the  underlying 
particle  simulation.  In  conventional  computational  fluid 
dynamics,  embedded  meshes  are  used  to  resolve  areas  of 
interest.  The  location  of  the  mesh  is  largely  arbitrary  and 
determined  entirely  by  geometry.  In  particle  simulations, 
however,  a  minimum  number  of  particles  should  be 
present  in  each  cell  in  the  domain.  Adding  an  embedded 
mesh  without  increasing  the  number  of  particles  results  in 
fewer  particles  per  cell  and  actually  reduces  the  accuracy  of 
the  simulation.  Therefore,  particles  must  be  added  along 
with  the  mesh  to  maintain  the  same  level  of  accuracy. 
Embedded  grids  can  be  used  in  areas  of  high  density,  such 
as  the  core  of  the  plume,  but  can  not  be  used  to  provide 
better  resolution  of  objects  in  the  far  field.  The  number  of 
particles  which  can  be  added  is  restricted  by  available 
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memory^  and  prevents  the  arbitrary  use  of  embedded  grids 
to  resolve  objects  of  interest. 

One  issue  of  particular  interest  to  satellite  designers  is 
the  interaction  of  the  plume  with  surfaces  of  a  spacecraft. 
In  order  to  study  surface  interaction  issues,  a  surface 
sputtering  model  has  been  developed  and  incorporated  into 
the  PIC’DSMC  model.  A  relatively  simple  model  is  used 
in  axisymmetric  geometries  and  is  described  in  a 
companion  paper. ^  A  similar  model  is  used  for  three 
dimensional  simulations  and  is  described  below. 

Just  as  in  axisymmetric  geometries,  deposition  effects 
are  ignored  in  three  dimensional  simulations.  This  is 
consistent  with  experimental  results  that  report  little  or  no 
deposition  on  witness  plates,  even  when  they  are  placed  at 
high  angles  with  respect  to  the  centerline.^  The 
assumption  is  valid  when  modeling  thrusters  with  ceramic 
anodes,  in  w^hich  eroded  material  is  likely  to  be  benign  and 
can  be  safely  ignored.  This  assumption  is  probably 
invalid  for  TAL  thrusters,  however,  which  have  metal 
anodes.  Work  with  ion  thrusters  has  shown  that  eroded 
material  from  metal  grids  has  a  tendency  to  plate  on 
exposed  surfaces,  thus  causing  deposition  damage. The 
SPT’s  primary  impact  is  to  cause  erosion  due  to 
sputtering  damage.  In  three  dimensional  geometries,  any 
particle  crossing  an  object  boundary  is  removed  or 
reflected  as  appropriate  for  that  species.  Ions  are 
neutralized  and  removed  from  the  simulation  while 
neutrals  are  reflected  back  into  the  domain  in  a  manner 
consistent  wnth  an  ideal  specular  surface.  When  creating 
an  object,  it  is  necessary  to  specify  its  potential  wdih 
respect  to  the  plasma.  A  solar  panel  would  be  represented 
by  an  object  of  fixed  potential.  Different  points  on  the 
array  would  be  assigned  different  potentials  to  mimic  the 
distribution  of  cells  across  the  array.  A  thermal  blanket  or 
other  electrically  isolated  object  would  be  represented  by 
surfaces  with  floating  potentials.  These  objects  would  be 
treated  as  dielectrics  whose  potential  is  determined  by 
balancing  the  flux  of  ions  and  electrons  to  the  surface. 

When  a  plasma  interacts  with  an  object,  a  sheath 
typically  forms  near  exposed  surfaces.  Figure  2  shows  the 
structure  of  the  sheath  near  a  surface  which  is  at  the 
floating  potential.  This  sheath  is  a  non-quasi  neutral 
region  with  a  width  on  the  order  of  the  Debye  length.  The 
present  PIC-DSMC  model  is  quasi-neutral  by  assumption, 
and  can  not  directly  simulate  this  region.  Fortunately, 
modeling  the  sheath  itself  is  unnecessary.  The  Bohm 


sheath  criterion  requires  that  ions  entering  the  sheath  must 
be  moving  faster  than  the  ion  acoustic  velocity.  Once  an 
ion  enters  the  sheath,  it  is  continuously  accelerated  until  it 
strikes  the  wall.  The  sheath/pre-sheath  boundary  therefore 
represents  a  sink  into  which  ions  disappear  and  never 
reemerge.  The  quasi-neutral  PIC  algorithm  can  model  the 
flow  of  ions  in  the  pre-sheath  region.  Once  an  ion  leaves 
the  pre-sheath  and  enters  the  sheath,  it  never  reemerges,  so 
the  ion  is  removed  from  the  simulation.  The  situation  is 
analogous  to  a  choked  flow  through  a  rocket  nozzle. 
Because  no  information  passes  from  the  sheath  back  into 
the  pre-sheath  region  it  is  possible  to  simulate  the  pre¬ 
sheath  without  knowing  the  structure  of  the  sheath  itself. 

For  surfaces  of  fixed  potential,  the  boundary 
conditions  are  more  complex.  When  the  surface  potential 
is  less  than  the  local  plasma  potential,  the  pre-sheath  can 
not  '‘see”  particles  in  the  sheath  region  and  the  magnitude 
of  the  potential  drop  is  irrelevant.  When  the  surface 
potential  is  greater  than  the  plasma  potential,  the  electric 
field  is  reversed  and  the  sheath  will  reflect  some  ions  away 
from  the  wall.  Again,  the  quasi-neutral  PIC  method  can 
accurately  simulate  the  pre-sheath  region,  but  an  analytic 
model  must  be  applied  to  simulate  the  sheath  itself.  All 
ions  striking  a  surface  are  assumed  to  cross  into  the  sheath 
region,  but  some  are  reflected  by  the  sheath  and  others  are 
neutralized  by  the  surface.  The  potential  rise  across  the 
sheath  is  calculated  by  subtracting  the  local  plasma 
potential  from  the  surface  potential.  The  energy  of  the 
incoming  particle  is  then  compared  to  the  sheath 
potential.  If  the  particle’s  kinetic  energy  is  greater  than 
the  sheath  potential,  the  ion  is  removed  from  the 
simulation.  If  the  particle’s  energy  is  less  than  the  sheath 
potential,  the  particle  is  treated  like  a  neutral  and  reflected 
back  into  the  domain.  As  a  result,  low  energy  ions  are 
reflected  while  high  energy  ions  are  neutralized  by  the 
underlying  surface.  This  accurately  reflects  the  behavior 
of  ions  when  they  encounter  a  positively  charged  surface. 

This  surface  model  is  only  valid  when  conventional 
ID  sheath  theory  applies.  This  is  generally  the  case  when 
the  Debye  length  is  much  less  than  the  length  scale  of  the 
surface,  which  is  a  restatement  of  the  quasi-neutral 
assumption.  The  surface  model  is  therefore  invalid  in 
wakes  and  other  regions  of  low  charge  density.  Errors 
may  also  be  introduced  along  leading  edges  when  the 
plasma  flow  is  primarily  parallel  to  the  surface  of 
interest.^  ^  The  surface  model  also  models  electrons  in  the 
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pre-sheaih  using  the  Boltzmann  relationship.  Although 
this  assumption  is  typical  of  ID  sheath  theory,  it  is  not 
strictly  accurate  for  electrons  with  non-zero  drift 
velocities.  Nevertheless,  we  represent  electrons  using  the 
Boltzmann  relationship. 

Sputtering  rates  are  calculated  by  tabulating  the 
material  removed  by  each  ion  and  neutral  which  strikes  a 
simulated  surface.  The  amount  of  material  lost  is 
determined  by  multiplying  an  energy  dependent  sputtering 
coefficient  by  the  macroparticle  weighting  factor. 
Multiple  materials  can  be  simulated  by  calculating 
separate  sputtering  coefficients,  and  no  post-processing  is 
necessary.  A  particle’s  impact  energy  is  given  by  the  sum 
of  its  kinetic  energy  and  the  energy  it  gained  or  lost  in  the 
sheath.  All  particles  are  assumed  to  enter  normal  to  the 
surface  and  neutrals  undergo  no  acceleration  in  the  sheath 
region.  The  sheath  drop  is  calculated  differently  on  fixed 
and  floating  surfaces.  On  fixed  surfaces,  the  drop  is 
determined  by  subtracting  the  surface  potential  from  the 
local  plasma  potential.  On  floating  surfaces,  the  drop  is 
determined  from  ID  sheath  theory  and  is  given  by 


kT 

O,  =-^-^ln 
‘  e 


'  AT:  ^ 


This  paper  presents  simulated  erosion  rates  for  three 
different  materials.  The  first  material  is  Silver,  which  is 
commonly  used  for  solar  cell  interconnectors.  The 
following  linear  fit  was  used  for  its  sputtering 
coefficient.*^ 

S  =  7.334xl0"-£-0.29511 

The  second  material  is  Quartz,  which  is  used  to  model 
solar  cell  coverglasses.  Its  sputtering  coefficient  is  given 
by^ 


S  =  7.105xl0-^£-0.01815 

The  sputtering  coefficient  for  the  anti-reflective  coating 
present  on  the  coverglass  is  unknown.  The  third  material 
modeled  was  Silicon.  Its  sputtering  coefficient  is  given 
by’^ 


S  =  1.0577xl0"’£-0.12115 


In  all  cases,  the  sputtering  coefficient  is  for  Xenon 
ions  striking  normal  to  the  surface.  It  has  been  observed 
that  the  atoms  striking  at  different  angles  may  have  higher 
sputtering  coefficients.  *3  At  the  present  time,  however, 
the  angular  dependence  for  Xenon  sputtering  Silver, 
Quartz,  and  Silicon  is  unknown.  As  a  result,  this  surface 
model  may  underpredict  the  actual  erosion  rate.  Better 
experimental  measurements  of  the  sputtering  coefficient 
are  needed  to  improve  the  surface  model. 

In  summary,  axisymmetric  and  three  dimensional 
PIC-DSMC  simulations  have  been  constructed  based  on 
the  observation  that  the  plume  is  a  quasi-neutral, 
unmagnetized  plasma  in  which  the  electrons  are  effectively 
collisionless.  A  variety  of  different  collisional 
phenomena  are  included  in  the  models,  and  an  SPT-100 
thruster  is  simulated  using  an  empirical  source  model 
which  is  based  on  experimental  data.  A  surface  interaction 
model  has  also  been  developed  for  the  3D  simulation. 
This  model  calculates  the  energy  of  particles  striking  the 
surface  of  a  spacecraft  and  predicts  the  erosion  rate  for 
materials  placed  in  the  plume  region.  The  final 
simulation  was  written  in  ANSI  C,  and  simulations  were 
conducted  on  Digital,  IBM,  and  Hewlett-Packard 
workstations  with  96-256  Megabytes  of  RAM.  Run 
times  were  typically  2-4  hours  for  axisymmetric 
geometries  and  12-15  hours  for  the  three  dimensional 
geometries. 

Axisymmetric  Results  and  Discussion 

Simulations  of  axisymmetric  geometries  have  been 
used  to  study  the  plume  and  to  verify  the  underlying  PIC- 
DSMC  algorithm.  A  separate  paper  details  efforts  to 
validate  the  axisymmetric  model  by  duplicating  ground 
based  experiments.*  This  section  presents  additional 
results  which  extend  the  model  to  conditions  which  can 
not  be  duplicated  in  the  laboratory. 

Ground  based  tests  are  generally  carried  out  in  vacuum 
chambers  where  the  quality  of  the  vacuum  is  limited  by 
the  facility’s  pumping  speed.  SPT  tests  are  typically 
carried  out  at  pressures  of  3  x  10'^  Torr,  though  pressures 
as  low  as  6  X  10"^  Ton  can  be  achieved  in  some  facilities. 
Figure  3  shows  several  plots  of  the  ion  current  density  60 
cm  from  the  exit  of  an  SPT-100  thruster.  One  plot  shows 
the  experimentally  measured  ion  current  density  at  a 
pressure  of  2.5  x  lO'^  Torr.^  The  next  set  shows  an 
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axisymmetric  simulation  of  a  thruster  operating  at  the 
same  ambient  pressure.  The  experimental  and  simulated 
results  are  within  a  factor  of  2-3  across  most  of  the 
domain.  The  third  set  of  results  is  a  simulation  of  a 
thruster  operating  in  vacuum.  At  high  angles,  the  ion 
current  density  in  vacuum  is  almost  an  order  of  magnitude 
lower  than  in  simulated  ground  tests.  These  results  show 
that  the  ambient  neutrals  present  in  ground  based  tests  can 
significantly  effect  experimental  results.  These  neutrals 
increase  the  CEX  collision  rate  and  lead  to  experiments 
that  overpredict  the  backflow  which  will  occur  on  orbit. 
These  simulations  suggest  that  significantly  less  backflow 
will  be  present  under  operational  conditions.  This  may 
allow  designers  to  use  and  orient  thrusters  more 
aggressively  than  they  would  based  on  ground  based  tests. 

The  question  of  most  interest  to  designers  is  how 
much  damage  the  plume  w'ill  cause  to  satellite  surfaces. 
Figure  4  shows  the  predicted  erosion  rate  for  silver  and 
quartz  surfaces  placed  60  cm  from  the  exit  of  an  SPT-100 
operating  in  vacuum.  The  results  are  presented  in  units  of 
meters  per  month  (720  hours)  of  operation.  Figure  4 
shows  that  the  estimated  erosion  rate  varies  very  strongly 
with  angle  from  the  centerline  and  varies  by  roughly  an 
order  of  magnitude  for  each  20  degree  change  in  angle. 
This  indicates  that  a  thruster’s  angle  with  respect  to  a 
surface  will  have  a  huge  impact  on  the  erosion  rate. 
Another  question  of  interest  is  how  the  erosion  rate  scales 
with  distance  from  the  anode  exit.  The  solid  and  dotted 
lines  in  figure  5  show  simulated  erosion  rates  as  measured 
1  m  from  the  thruster  exit.  These  rates  are  considerably 
lower  than  those  shown  in  figure  4,  though  silver  still 
erodes  10  microns/month  at  angles  as  high  as  55  degrees 
from  the  centerline.  Superimposed  on  the  simulated  rates 
1  m  from  the  exit  are  the  rates  from  Figure  4  scaled  by 
1/z^.  The  results  show  very  good  agreement,  and  suggest 
that  it  should  be  possible  to  scale  observed  erosion  rates 
using  a  1/z^  law.  The  results  shown  in  Figure  4  can  be 
combined  with  this  scaling  law  to  produce  quick  “back  of 
the  envelope”  estimates  of  the  erosion  rate  at  a  given 
position  relative  to  the  thruster.  Designers  can  also  use 
the  relationship  to  scale  experimentally  measured  erosion 

rates  to  areas  far  away  from  the  anode  exit. 

3D  Results  and  Discussion 

After  the  PIC-DSMC  algorithm  was  validated 
experimentally,  a  three  dimensional  PIC-DSMC  plume 


model  was  developed  and  validated  against  the 
axisymmetric  results.  Figure  6  shows  several  plots  of  the 
ion  current  density  60  cm  from  the  thruster  exit  at  a 
pressure  of  2.2  x  10’^  Torr.  Three  types  of  results  are 
overlaid  on  the  graph:  an  axisymmetric  simulation 
(marked  as  “2D”),  a  three  dimensional  simulation,  and 
experimental  data  from  Manzella.^  The  simulated  results 
agree  well  with  each  other  and  confirm  that  the  change 
from  an  axisymmetric  to  a  three  dimensional  geometry 
has  not  significantly  affected  the  simulation.  Both  sets  of 
results  show  good  agreement  with  data,  again  matching  to 
within  a  factor  of  2-3  across  the  domain.  Similar 
comparisons  were  made  at  different  pressures  to  validate 
the  3D  code,  and  all  show  the  same  level  of  agreement. 
One  interesting  aspect  of  the  3D  results  is  that  the  number 
of  particles  per  cell  varies  drastically  from  1600  per  cell  in 
the  core  of  the  plume  to  less  than  5  per  cell  at  the  edges  of 
the  domain.  Traditionally,  both  PIC  and  DSMC  schemes 
require  10  particles  per  cell  to  retain  statistical  accuracy. 
However,  when  the  3D  results  created  with  3-1600 
particles  per  cell  are  compared  to  axisymmetric  results 
produced  with  20-2000  particles  per  cell,  the  results  are 
virtually  identical.  This  implies  that  having  less  than  10 
particles  per  cell  at  the  edges  of  the  plume  does  not  hurt 
the  accuracy  of  the  simulation.  This  is  the  case  because 
most  of  the  important  physics  occurs  in  the  center  of  the 
plume,  where  the  majority  of  the  CEX  collisions  actually 
occur.  Particles  at  the  edges  of  the  plume  undergo 
relatively  few  collisions  and  follow  almost  ballistic 
trajectories.  Therefore,  while  it  is  important  to  maintain 
the  number  of  particles  per  cell  in  the  core  of  the  plume, 
some  latitude  can  be  exercised  in  the  outer  parts  of  the  3D 
simulation. 

Once  the  code  was  validated,  an  effort  was  made  to 
study  the  effect  the  plume  of  an  SPT-100  would  have  on  a 
realistic  satellite  configuration.  Simulations  were 
conducted  on  a  simple  GEO  comsat  as  shown  in  Figure  1. 
The  configuration  consists  of  a  Bus,  Yoke  and  Solar  array 
which  are  located  on  a  3.2  m  x  4.4  m  x  3.2  m  domain. 
The  dimensions  of  the  spacecraft  are  discussed  in  section  2 
above.  The  spacecraft  was  assumed  to  be  oriented  with 
the  arrays  on  the  North  and  South  sides  of  the  spacecraft, 
so  thrusters  operating  for  N-S  stationkeeping  would  fire  in 
a  vertical  direction.  The  SPT-100  thruster  was  assumed  to 
be  mounted  at  the  edge  of  the  bus  under  the  edge  of  the 
solar  array  as  shown  in  Figure  1.  The  thruster’s 
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orientation  was  then  varied  during  the  simulations  based 
on  two  parameters:  a  cant  angle  and  an  array  angle.  These 
angles  are  defined  as  shown  in  Figure  7.  The  cant  angle  is 
the  angle  between  the  thrust  vector  and  the  vertical  axis. 
Lower  cant  angles  better  orient  the  thrusters  for  N-S 
stationkeeping,  so  higher  cant  angles  represent  an  effective 
loss  of  Isp.  The  array  angle  is  defined  as  the  solar  panel’s 
angle  relative  to  an  imaginary  line  connecting  the  yoke  to 
the  thruster.  On  a  real  spacecraft,  the  position  of  the 
thruster  is  fixed  and  the  array  turns  with  respect  to  the 
thruster.  In  our  model,  the  array  can  only  be  turned  in  90 
degree  increments.  Therefore,  to  simulate  different  array 
angles,  the  thruster  was  mounted  at  different  positions  on 
top  of  the  bus.  This  allows  one  to  simulate  a  rotating 
array  and  still  create  a  grid  conforming  body.  All 
simulations  were  run  for  15000  time  steps  with  a  time 
step  of  0.1  normalized  units.  The  potential  of  the  entire 
surface  of  the  array  w-as  fixed  at  -92  volts  relative  to  the 
center  of  the  plume.  A  real  array  would  be  covered  by 
cells  with  potentials  that  vary  from  0  to  92  Volts. 
Setting  the  entire  surface  to  -92  V  therefore  represents  a 
worst  case  in  which  all  parts  of  the  array  are  assumed  to 
sit  at  a  very  negative  potential  wdth  respect  to  the 
spacecraft. 

A  cant  angle  of  45  degrees  and  an  anay  angle  of  45 
degrees  were  chosen  as  the  spacecraft’s  baseline 
configuration.  Figure  8  shows  the  baseline  configuration 
overlaid  by  a  surface  of  constant  potential.  The  plume  is 
clearly  visible  as  a  cone  emerging  from  the  top  of  the  bus 
and  oriented  aw'ay  from  the  solar  array.  Figure  9  shows  a 
contour  plot  of  ion  current  density  on  the  face  of  the  array 
nearest  to  the  plume.  Although  the  plot  is  noisy,  a  small 
but  noticeable  flux  of  ions  is  clearly  reaching  the  surface 
even  though  the  thruster  is  oriented  away  from  the  array. 
As  one  would  expect,  the  area  of  highest  flux  is  in  the 
corner  of  the  array  which  sits  closest  to  the  anode  exit. 
Very  little  current  reaches  the  lower  or  upper  left  corners 
of  the  array.  Figure  10  is  a  contour  plot  showing  the 
energy  of  ions  striking  the  surface  of  the  array.  It  shows 
that  the  ions  with  relatively  high  energies  are  actually 
striking  the  upper  right  corner  of  the  array,  while  ions 
with  relatively  low  energy  strike  the  corner  nearest  to  the 
thruster.  This  occurs  because  high  energy  ions  follow 
relatively  straight  trajectories  and  do  not  turn  far  enough 
to  strike  the  lower  part  of  the  anay.  CEX  ions,  on  the 
other  hand,  have  a  small  turning  radius  and  are  easily 


influenced  by  electric  fields  at  the  edge  of  the  plume. 
These  ions  turn  quite  sharply  and  end  up  striking  the 
bottom  of  the  array. 

Figures  11,12,  and  13  show  the  calculated  erosion 
rates  for  Silver,  Silicon,  and  Quartz  surfaces  of  the  array. 
All  materials  are  assumed  to  sit  at  -92  volts  with  respect 
to  the  center  of  the  plume.  These  figures  show  that  a 
noticeable  and  potentially  significant  amount  of  erosion 
will  occur  to  interconnectors  and  coverglasses  on  the  solar 
array.  As  one  would  expect,  the  highest  erosion  rates 
occur  on  surfaces  closest  to  the  thruster.  Silver  in 
particular  has  an  erosion  rate  greater  than  1  micron  per 
month  in  some  parts  of  the  array.  Quartz  glass  shows  the 
next  highest  erosion  rate,  about  0.4  microns  per  month, 
and  silicon  is  the  most  sputter  resistant  material,  with  a 
maximum  rate  of  only  0.142  microns  per  month.  The 
actual  area  over  which  these  high  rates  occur  is  relatively 
small,  covering  an  area  of  no  more  than  0.25  m^.  In 
addition,  it  should  be  noted  that  these  surfaces  are  being 
held  at  a  negative  potential  with  respect  to  the  plume. 
One  obvious  way  to  lower  the  peak  erosion  rate  is  to  bias 
cells  at  the  corners  of  the  array  positive  with  respect  to  the 
spacecraft.  This  would  lower  the  energy  of  ions  striking 
the  surface  of  the  array  and  help  mitigate  sputtering 
losses. 

Canting  the  thruster  away  from  the  satellite’s  N-S 
axis  lowers  the  thruster’s  effective  Isp,  so  it  is  desirable  to 
use  as  small  a  cant  angle  as  practical.  To  investigate  the 
effects  of  changing  the  cant  angle,  simulations  were  run 
with  cant  angles  from  0  to  45  degrees.  Figure  14  shows 
the  simulated  erosion  rate  of  silver  on  the  same  surface 
shown  in  Figure  11,  but  with  the  thruster  canted  at  only 
30  degrees.  The  15  degree  change  of  angle  has  a 
significant  impact  on  the  erosion  rates  on  the  array.  Not 
only  is  the  peak  sputtering  rate  more  than  3  times  higher 
than  in  Figure  11,  but  the  area  over  which  damage  occurs 
extends  much  farther  up  the  side  of  the  array.  A  plume 
shield  would  almost  certainly  be  required  to  limit  damage 
to  the  array.  Figure  15  shows  the  sputtering  rate  of  silver 
on  the  same  surface  with  a  cant  angle  of  zero  degrees.  The 
erosion  rate  is  now  over  an  order  of  magnitude  higher  than 
in  Figure  14,  and  is  clearly  unacceptable.  The  area  of 
maximum  damage  now  extends  up  the  array  to  the  end  of 
the  computational  domain.  The  damage  would  certainly 
extend  further  if  the  domain  continued  to  the  end  of  the 
array. 
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In  summary,  the  axisymmetric  PIC-DSMC  model 
has  been  successfully  extended  to  three  dimensions  and 
validated  though  comparison  to  axisymmetric  results. 
The  model  has  been  applied  to  a  realistic  satellite 
configuration,  and  a  series  of  results  have  been  shown 
which  demonstrate  the  model’s  ability  to  evaluate 
thrusters  placed  in  a  variety  of  different  orientations.  The 
results  shown  were  created  in  12-15  hours  on  UNIX 
workstations,  and  the  model  offers  designers  the  ability  to 
simulate  a  variety  of  configurations  in  a  relatively  small 
amount  of  time.  The  accuracy  of  the  underlying 
algorithm  has  also  been  verified  through  comparison  to 
experimental  data.  These  efforts  are  discussed  in  detail  in 
a  companion  paper. ^ 

Conclusions 

A  computational  model  of  an  SPT  plasma  plume  has 
been  constructed  using  a  quasi -neutral  PIC-DSMC  model. 
This  model  is  based  on  theoretical  work  show-ing  that  the 
plume  consists  of  a  quasi-neutral  plasma  with 
collisionless  electrons  in  which  the  magnetic  field  can  be 
neglected.  The  resulting  simulation  can  accurately  model 
an  SPT-100  plume  on  meter  length  scales.  Both 
axisymmetric  and  three  dimensional  models  have  been 
developed  and  validated  against  experimental  data. 
Comparisons  with  experimental  results  are  presented  in  a 
companion  paper.  The  results  shown  in  this  paper 
simulate  conditions  which  can  not  be  studied  in  ground 
based  experiments.  These  results  include  an  axisymmetric 
simulation  of  an  SPT-lOO  operating  in  vacuum  and  three 
dimensional  simulations  of  a  SPT  thruster  mounted  on  a 
communications  satellite.  The  results  show’  that  ground 
based  tests  may  significantly  overpredict  the  backflow 
caused  by  CEX  collisions.  The  presence  of  neutrals  in  the 
vacuum  tank  increases  the  CEX  collision  rate  and  creates 
artificially  high  ion  current  densities  at  high  angles.  In 
addition,  predictions  are  made  of  the  erosion  rates  which 
will  be  experienced  by  materials  exposed  to  a  thruster 
operating  in  vacuum,  and  a  1/z^  scaling  law  is  suggested 
as  a  means  of  extending  near  field  sputtering 
measurements  to  far  field  areas.  Finally,  a  series  of  three 
dimensional  simulations  were  conducted  to  demonstrate 
the  model’s  ability  to  evaluate  realistic  spacecraft 
configurations.  The  results  show’  that  the  thruster’s  cant 
angle  has  a  strong  impact  on  simulated  erosion  rates  and 


the  area  over  which  erosion  occurs.  More  importantly, 
the  results  demonstrate  that  the  three  dimensional  model 
can  be  adapted  and  used  by  spacecraft  designers  to  evaluate 
realistic  spacecraft  configurations.  This  will  help 
designers  to  quickly  evaluate  the  impact  of  Hall  Thrusters 
on  a  given  spacecraft  design. 

Future  work  is  planned  to  improve  the  existing 
plume  model.  In  particular,  the  incorporation  of  an 
embedded  mesh  into  the  PIC-DSMC  simulation  would 
allow  designers  to  simulate  irregular  surfaces  such  as 
parabolic  antennae.  In  addition,  efforts  will  be  made  to 
improve  the  existing  plasma  source  model  and  new  sputter 
coefficients  wdll  be  incorporated  into  the  surface  model  as 
the  data  becomes  available. 
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Figure  1:  Model  of  a  Communications 
Satellite  on  a  3D  Embedded  Mesh 


Figure  2:  Plasma  Potential  Profile  Near  a 
Solid  Surface  at  the  Floating  Potential 


Figure  3:  Ion  Current  Density  60  cm  from 
Anode  Exit  on  Ground  (Pressure  =  2.5  x  10' ^ 
Torr)  and  in  Vacuum 


z  =  60  cm 


Angle  (degrees) 

Figure  4:  Predicted  Erosion  Rates  for  Silver 
and  Quartz  (z  =  60  cm,  Vacuum) 


Angle  (degrees) 


Figure  5:  Comparison  of  Measured  and  Scaled 
Erosion  Rates  (z  =  1  m,  Vacuum) 
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Angle  (degree5) 


Figure  6:  Comparison  of  Experimental,  2D, 
and  3D  Simulations  of  Ion  Current  Density 
(z  =  60  cm,  P  =  2.2  x  10“^  Torr) 


Bus  Bus 

Figure  7:  Definition  of  Cant  Angle  and  Array 
Angle 


Figure  8:  3D  Isopotential  Surface  Plot 
(Array  Angle  =  45®,  Cant  Angle  =  45®) 


Figure  10:  Mean  Energy  of  Ions  Striking  Solar 
Array  (Array  Angle  =  45®,  Cant  Angle  =  45®) 
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Figure  12:  Simulated  Erosion  Rate  for  Silicon 
(Array  Angle  =  45°,  Cant  Angle  =  45°) 
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Figure  15:  Simulated  Erosion  Rate  for  Silver 
(Array  angle  =  45°,  Cant  angle  =  0°) 
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Figure  13:  Simulated  Erosion  Rate  for  Quartz 
(Array  Angle  =  45°,  Cant  Angle  =  45°) 
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Figure  14:  Simulated  Erosion  Rate  for  Silver 
(Array  angle  =  45®,  Cant  angle  =  30®) 


11 

American  Institute  of  Aeronautics  and  Astronautics 


AIAA  96-3196 

Experimental  Verification  of  a  PIC-DSMC 
Model  for  Hall  Thruster  Plumes 

D.  Oh  and  D.  Hastings 
MIT  Space  Systems  Laboratory 
Cambridge,  MA 


32nd  AIAA/ASME/SAE/ASEE 
Joint  Propulsion  Conference 

July  1-3, 1996  /  Lake  Buena  Vista,  FL 


For  permission  to  copy  or  repubiish,  contact  the  American  Institute  of  Aeronautics  and  Astronautics 
1801  Alexander  Bell  Drive,  Suite  500,  Reston,  VA  22091 


AIAA-96-3196 


EXPERIMENT.^L  VERIRCATION  OF  A  PIC-DSMC  MODEL 
FOR  HALL  THRUSTER  PLUMES 

David  Y.  Oh*  and  Daniel  E.  Hastings''' 

Department  of  Aeronautics  and  Astronautics 
Massachusetts  Institute  of  Technology 
Cambridge,  MA 


Abstract 

A  computational  model  of  a  Stationary  Plasma 
Thruster  (SPT)  has  been  developed  using  a  quasi-neutral 
Particle-in-Cell/Direct  Simulation  Monte  Carlo  (PIC- 
DSMC)  model.  This  model  is  based  on  theoretical  work 
showing  that  the  plume  consists  of  a  quasi-neutral  plasma 
with  collisionless  electrons  in  which  the  magnetic  field 
can  be  neglected.  Axisymmetric  and  three  dimensional 
versions  of  the  model  have  been  developed  and  validated 
against  a  range  of  experimental  data.  Results  from  the 
axisymmetric  simulation  are  compared  to  ion  current 
density,  surface  erosion  rate,  and  retarding  potential 
analyzer  data  taken  from  the  SPT-100  literature.  The 
results  show  that  the  PIC-DSMC  model  compares  well 
with  ion  current  density  and  erosion  rate  data,  to  within  a 
factor  of  2-3  across  most  of  the  domain.  Based  on  the 
axisymmetric  results,  an  explanation  is  given  for  the 
formation  of  potential  wings  in  ion  thruster  plumes  and 
their  absence  in  SPT  plumes.  The  model  is  also  shown 
to  compare  less  well  with  RPA  data.  The  reasons  for  the 
disagreement  are  unclear,  and  some  inconsistencies  seem 
to  the  present  in  the  data  as  well  as  the  simulation.  An 
evaluation  of  the  RPA  data  suggests  that  instabilities  may 
play  an  important  role  in  the  formation  of  high  energy 
ions.  Future  work  is  planned  to  convert  the  PIC-DSMC 
model  so  it  supports  simulations  on  unstructured  meshes. 

Nomenclature 

Tg  =  Electron  Temperature 

=  Mean  Elechon  Thermal  'Velocity 

Cr  =  Relative  Speed  between  Collision  Parmers 

-19 

e  =  Elementary  Charge  =  1.6  x  10  C 

*  Research  Assistant,  Student  Member  AIAA 
I’Professor  of  Aeronautics  and  Astronautics,  Associate 
Fellow,  AIAA 


k  =  Boltzman's  Constant  =  1.38  x  10  J/K 

=  Electron  Number  Density 
no  =  Reference  Charge  Density  (arbitrary) 
n^f  =  Reference  Electron  Number  Density 
z  =  Axial  Distance  from  Anode  Exit 
Fi  =  Ion  Rux 

=  Debye  Length 

Xen  =  Electron-Neutral  Mean  Free  Path 
Xee  =  Electron-Electron  Mean  Free  Path 
X,ei  =  Electron-Ion  Mean  Free  Path 
(p  =  Electrical  Potential 
pge  =  Electron  Gyro  Radius 
pgj  =  Ion  Gyro  Radius 

CcEX  =  Charge  Exchange  Collision  Cross  Section 
Gg  =  Elastic  Collision  Cross  Section 
X  =  Particle  Scattering  Angle 

Introduction 

When  compared  to  chemical  propulsion  systems, 
electric  propulsion  offers  substantial  fuel  savings  for 
stationkeeping  applications.  One  system  which  has 
shown  particular  promise  is  the  Stationary  Plasma 
Thruster  (SPT),  also  referred  to  as  the  Hall  Thruster.  This 
device  has  a  near  optimum  specific  impulse  for  north- 
south  stationkeeping  and  is  currently  being  marketed  for 
use  on  Western  satellites.  However,  although  SPT’s  have 
an  extensive  Russian  flight  heritage,  they  have  yet  to  fly 
on  a  Western  satellite.  Western  designers  have  expressed 
concern  that  the  plasma  plume  emitted  by  the  SPT  may 
erode  and  contaminate  satellite  surfaces  and  interfere  with 
communications  signals.  These  concerns  must  be 
addressed  before  SPT’s  can  be  used  on  commercial 
satellites. 

In  order  to  study  plume  contamination  issues,  a 
substantial  amount  of  experimental  work  has  been 
conducted.  Ion  fluxes  and  distributions  have  been 


Copyright©  1996  by  the  American  Institute  of 
Aeronautics  and  Astronautics,  Inc.  All  rights  reserved. 


1 


determined  and  plume  induced  sputtering  and 
contamination  have  been  measured  in  several  ground 
experiments. But  at  the  same  time,  relatively 
little  effort  has  been  made  to  model  processes  occurring  in 
the  SPT’s  plume  region.  Those  models  which  do  exist  are 
relatively  simple  and  are  not  well  suited  for  modeling 
complex  satellite  geometries.^’^  More  detailed  models 
are  needed  to  fully  characterize  the  plume  region  and  to 
understand  the  relationship  betw'een  existing  experimental 
data  and  actual  operating  conditions. 

This  paper  presents  an  advanced  computational  model 
of  an  expanding  SPT  plume.  The  model  uses  a 
combination  of  the  Particle-in-Cell  (PIC)  and  Direct 
Simulation  Monte  Carlo  (DSMC)  methods  to  model 
collisions  in  the  plume  region  and  track  the  flow  of  ions 
and  neutrals  across  the  domain.  The  basic  PIC-DSMC 
algorithm  has  been  described  in  previous  work.^  Many 
improvements  have  been  made  to  the  model,  including  the 
use  of  double  ions,  the  addition  of  surface  sputtering,  and 
the  development  of  an  improved  ion  source  model. 
Axisymmeiric  and  three  dimensional  versions  of  the  code 
have  been  developed  and  validated  against  existing 
experimental  data  and  the  simulation  has  demonstrated  the 
ability  to  model  the  plume  on  meter  length  scales.  The 
resulting  model  runs  on  a  workstation  and  should  be 
useful  to  designers  interested  in  evaluating  the  impact  of 
an  SPT  on  realistic  satellite  configurations. 

This  paper  describes  the  improved  PIC-DSMC  model 
in  detail  and  compares  the  axisymmetric  simulation  to  a 
variety  of  experimental  data.  Comparisons  are  made  to 
ion  current,  ion  energy,  and  plate  erosion  data,  and 
simulated  results  are  showm  to  compare  favorably  in  most 
cases.  A  companion  paper  presents  results  which  can  not 
be  duplicated  in  ground  based  tests.'^  This  includes  an 
axisymmetric  simulation  of  an  SPT-100  operating  in 
vacuum  and  three  dimensional  simulations  of  an  SPT 
thruster  mounted  on  a  communications  satellite.  The 
wmrk  to  date  concentrates  on  modeling  the  SPT-100 
because  this  is  the  most  extensively  studied  Hall  thruster 
at  this  time.  In  principle,  the  model  can  be  modified  and 
applied  to  new  Hall  and  anode  layer  (TAL)  thrusters  as 
experimental  data  becomes  available. 

Section  2  presents  the  theoretical  basis  for  the 
computational  model  and  describes  the  PIC-DSMC 
algorithm  in  detail.  Section  3  presents  axisymmetric 


results  and  compares  them  to  existing  experimental  data. 
Section  4  presents  conclusions  and  plans  for  future  work. 

Theory  and  Computational  Method 


The  SPT-100  thruster  has  been  studied  extensively  in 
ground  tests  and  many  of  its  basic  characteristics  are  well 
documented.  Table  1  gives  the  parameters  used  to  model 


Inner  Anode  Diameter^ 

56  mm 

Outer  Anode  Diameter^ 

100  mm 

Cathode  Orifice  Diameter^ 

0.5  mm 

Propellant 

Xe 

Propellant  Row  Rate^ 

5.2  mg  ./sec. 

Fraction  of  Propellant  Directed 
to  Cathode^ 

-10% 

7 

Electron  Temperature  (Te) 

2eV 

Axial  Ion  Velocity'"^ 

-17000  m/s 

Fraction  of  Ions  which  are 
Double  lons^ 

-20% 

Fraction  of  Propellant  Ionized 
in  Discharge  Chamber 

>95% 

Table  1:  SPT-100  Basic  Characteristics 


Xe  propellant  is  ionized  in  the  anode  and  emerges 
from  the  thruster  in  the  form  of  neutrals,  ions,  and  double 
ions.  This  creates  a  plasma  with  characteristics  can  be 
estimated  based  on  a  simple  1/r^  expansion  model.  The 
results  of  such  an  analysis  are  given  in  Table  2.^ 


Radial 

Position 

0.2  m 

1.0  m 

Ki 

0.03  cm 

0.14  cm 

Pge 

6.7  cm 

670  cm 

Pgi 

230  m 

>20000  m 

^en 

85  m 

340  m 

^ee 

130  m 

3200  m 

^ei 

270  m 

6700  m 

Table  2:  Estimates  of  Fundamental  Plasma 
Parameters  in  Plume 

Based  on  Table  2,  the  following  conclusions  can  be 
drawn. 

•  The  Debye  length  is  small,  so  the  plume  is  quasi¬ 
neutral  except  near  surfaces. 
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•  The  ions  are  unmagnetized. 

•  The  electrons  are  unmagnetized  when  z  >  25  cm, 

•  The  electrons  are  collisionless. 

Although  the  electrons  are  magnetized  in  a  small  region  in 
front  of  the  thruster,  experimental  work  suggests  that  the 
overall  plume  structure  may  be  insensitive  to  small 
changes  in  the  magnetic  field  strength.^  We  therefore 
neglect  the  magnetic  field  throughout  the  plume  region. 

Based  on  these  observations,  we  have  constructed  a 
PIC-DSMC  simulation  of  a  Hall  Thruster  plume.  This 
algorithm  has  been  described  in  detail  in  previous  work.^ 
The  PIC-DSMC  method  uses  macroparticles  to 
statistically  model  gases  at  a  molecular  level.  The  particle 
equations  of  motion  are  integrated  using  the  leapfrog 
method.  Solving  these  equations  requires  knowledge  of 
the  local  elecu-ic  field,  which  in  turn  requires  knowledge  of 
the  electric  potential.  In  conventional  PIC  schemes,  the 
potential  is  obtained  by  solving  Poisson’s  equation.  In  a 
quasi-neutral  plasma,  however,  the  potential  can  be 
obtained  by  inverting  the  Boltzman  relationship. 

n,  =  n^,ftxp{e(t)lkT^) 

This  procedure  is  valid  for  isothermal,  collisionless  and 
unmagnetized  electrons  moving  at  low  drift  velocities.  A 
constant  electron  temperature  of  2  eV  is  used  in  this 
model. 

The  potential  can  be  calculated  directly  from  the 
charge  density  based  on  equation  (1).  The  charge  density 
is  obtained  by  weighting  ion  macroparticles  to  the  nodes 
of  an  embedded  grid.  In  an  axisymmetric  geometry, 
particles  are  weighted  to  the  grid  using  the  cylindrical 
weighting  functions  given  by  Ruytan.^  In  a  three 
dimensional  geometry,  a  first  order  volume  weighting 
function  is  used  instead.  Because  the  model  is  quasi¬ 
neutral  by  assumption,  the  Debye  length  does  not  limit 
the  size  of  grid  cells  in  the  domain  This  results  in  a 
method  which  can  simulate  meter  scale  areas  with 
relatively  little  computational  effort. 

Collisional  processes  are  modeled  between  move 
steps  using  the  DSMC  method.  The  variation  used  in 
this  work  is  a  multi-species  local  time  counter  method 
described  by  Elgin. A  selection-rejection  scheme  is  used 
to  choose  collision  pairs  and  a  single  local  time  counter  is 
used  to  determine  the  collision  frequency  for  all  collision 


processes.  Table  3  shows  the  collision  processes  included 
in  the  present  PIC-DSMC  model. 


CEX 

Elastic 

Xe-Xe+ 

Xe-Xe++ 

Xe-Xe 

Xe-Xe+ 

Xe-Xe-^ 

Table  3:  Collisions  covered  in  the  simulation 

Elastic  collisions  between  charged  particles  are  not 
included  in  the  present  work  because  collisions  between 
charged  particles  are  dominated  by  short  range  coulomb 
interactions.  As  a  result,  it  is  necessary  to  simulate  many 
small  collisions  to  determine  the  momentum  transferred  to 
each  macroparticle.  At  the  present  time,  it  is 
computationally  impractical  to  model  this  process. 
Collective  long  range  coulomb  interactions  are  included  as 
part  of  the  PIC  algorithm. 

The  collision  process  which  most  effects  the  structure 
of  the  plume  is  change  exchange  (CEX).  Ion-neutral 
charge  exchange  occurs  when  a  “slow”  neutral  and  a  “fast” 
ion  exchange  an  electron  to  create  a  “fast”  neutral  and  a 
“slow”  ion.  These  slow  ions  can  be  accelerated  back 
toward  the  spacecraft,  creating  backfiow'  and  impingement 
problems.  Although  the  CEX  mean  free  path  is  quite 
large,  the  backflow  from  CEX  can  not  be  neglected.  In 
order  to  simulate  a  given  collision  process,  it  is  necessary 
to  know  its  velocity  dependent  collision  cross  section. 
The  Xe-Xe”^  CEX  collision  cross  section  was  calculated 
by  Rapp  and  Francis  and  is  given  by^  ^ 

<7cEX=(kilnc, +  k2f 

Where  kj  =  -0.8821,  k2  =  15.1262,  and  Cf  is  in  m/s.  The 
Xe-Xe"*""*"  CEX  cross  section  has  been  measured 
experimentally  and  is  shown  in  figure  1.^^  A  logarithmic 
fit  to  the  measured  cross  section  gives  the  following. 

=  (3.4069  x  10'®  -  2.7038  x  lO''®  In  c, ) 

Figure  1  also  shows  the  cross  section  for  CEX  between 
single  and  double  ions.  This  cross  section  is  almost  an 
order  of  magnitude  smaller  than  the  double  ion-neutral 
CEX  cross  section  and  is  therefore  neglected.  When  a 
simulated  CEX  collision  occurs,  the  ion  and  neutral 
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particle  velocity  vectors  are  exchanged  to  create  a  “slow” 
ion  and  a  “fast”  neutral.  If  the  simulated  collision  partners 
have  different  macroparticle  weights,  an  additional  Monte 
Carlo  selection  is  made  to  determine  whether  the  velocity 
of  the  particle  with  the  higher  weight  should  be  modified. 
This  ensures  that  the  total  energy  and  momentum  are 
statistically  conserved  over  many  collisions. 

Neutrals  in  the  plume  region  will  also  undergo 
several  different  types  of  elastic  collisions.  In  general,  the 
mean  free  path  for  these  processes  is  large  with  respect  to 
features  of  interest.  Nevertheless,  where  practical,  we 
include  elastic  collisions  in  the  simulation.  This  allows 
one  to  model  h>T30thetica]  thrusters  with  high  neutral  flow 
rates.  The  variable  soft  sphere  (VSS)  model  is  used  to 
model  Xe-Xe  neutral  collisions  in  the  SPT  plume  and 
gives  the  following  collision  cross  section.^ ^ 

cT£  =  (2.117xlO''V7°-'')wr 

When  a  collision  occurs,  the  scattering  angle  is  chosen 
using  the  following  relationship. 

;)f  =  cos"'(2/3’/“-l)  ^2) 

This  is  consistent  with  the  VSS  collision  model.  The 
new^  velocity  vectors  are  determined  using  the  equations 
for  conservation  of  momentum  and  energy  and  equation 
(2). 

The  collision  cross  section  for  Xe-Xe"*"  elastic 
collisions  has  been  derived  analytically  and  is  given  by^^ 

(?£  =  (8.28072 

According  to  theory,  the  neutral-ion  collision  cross 
section  is  independent  of  charge  state,  so  the  same 
relationship  gives  the  Xe-Xe"*”^  elastic  collision  cross 
section. When  a  neutral-ion  collision  occurs,  the 
scattering  angle  is  chosen  randomly  based  on  an  isotropic 
scattering  distribution.  This  is  consistent  with  the 
dynamics  of  a  “hard  sphere”  collision.  As  with  CEX 
collisions,  because  collision  partners  can  have  different 
macroparticle  weights,  an  additional  Monte  Carlo 
selection  is  made  to  determine  whether  the  velocity  of  the 
particle  with  the  higher  weight  should  be  modified  in  a 
given  collision.  This  ensures  that  the  total  energy  and 


total  momentum  are  statistically  conserved  over  many 
collisions. 

It  has  proved  impractical  to  simulate  Xe-Xe  elastic 
collisions  when  a  neutral  background  is  present  in  the 
simulation,  so  these  collisions  were  not  included  when 
simulating  ground  based  experiments.  The  difficulty 
comes  from  the  need  to  mix  particles  with  different 
macroparticle  weights.  When  simulating  a  relatively 
dense  neutral  background,  a  larger  macroparticle  weight 
must  be  used  for  the  neutrals  than  for  ions  to  keep  the 
background  particles  from  overwhelming  the  ions  present 
in  the  simulation.  However,  when  a  simulated  collision 
occurs,  the  size  of  the  local  collision  timestep  is 
proportional  to  the  macroparticle  weight.  Therefore,  Xe- 
Xe  collisions  require  collision  timesteps  much  larger  than 
that  required  for  Xe-Ion  collisions.  In  practice,  each 
neutral-neutral  collision  results  in  a  collision  timestep 
equivalent  to  hundreds  of  simulation  timesteps,  which 
effectively  removes  that  cell  from  the  DSMC  part  of  the 
simulation.  Xe-Xe  collisions  are  therefore  only  included 
in  simulations  without  a  neutral  background,  where  the 
neutral  macroparticle  weight  is  approximately  equal  to  the 
ion  macroparticle  weight. 

Particles  are  loaded  into  the  simulation  at  each  time 
step  to  simulate  the  exit  flow  from  a  Hall  thruster.  The 
ion  and  neutral  distributions  are  determined  based  on  an 
empirical  model  of  an  SPT-100  which  has  been  described 
in  previous  work.^  This  model  is  based  on  experimental 
data  and  contains  no  free  parameters.  Tw^o  modifications 
have  been  made  to  the  previously  described  SPT-100 
source  model.  First,  the  mean  ion  drift  velocity  in  the  r/z 
plane  has  been  changed  from  16000  m/s  to  17020  m/s. 
This  high  value  corresponds  to  the  Isp  of  an  SPT-100 
after  excluding  the  flow'  to  the  cathode.^  Second,  the 
thermal  component  of  the  axial  velocity  is  now  based  on  a 
temperature  of  34  eV  rather  than  3.4  eV.  The  effects  of 
this  change  are  discussed  in  section  3  below. 

Approximately  10%  of  the  propellant  entering  an 
SPT-100  is  diverted  to  the  cathode.  The  simulation  treats 
this  flow  differently  in  axisymmetric  and  three 
dimensional  geometries.  In  both  cases,  the  propellant 
flowing  through  the  cathode  is  assumed  to  consist  entirely 
of  neutrals.  In  the  three  dimensional  model,  the  flow 
emerges  from  an  orifice  which  is  placed  7.5  cm  above  and 
1.0  cm  downstream  of  the  center  of  the  anode  exit.  In  the 
axisymmetric  model,  the  cathode  orifice  can  not  be 
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simulated  due  to  geometric  restrictions.  The  cathode  flow 
was  therefore  assumed  to  flow  through  the  anode  as 
unionized  propellant.  Both  cathode  and  anode  neutrals  are 
assumed  to  have  a  temperature  of  1000  K  and  are  choked 
at  the  cathode  and  anode  exits. 

One  issue  of  particular  interest  to  satellite  designers  is 
plume  induced  deposition  and/or  erosion  on  sensitive  parts 
of  the  spacecraft.  Previous  work  has  shown  that  eroded 
metal  from  the  acceleration  grids  of  ion  thrusters  can  lead 
to  substantial  deposition  on  solar  cell  cover  glasses. 
The  anode  of  an  SPT  thruster  also  undergoes  substantial 
erosion,  but  the  material  released  is  a  ceramic  Boron 
Nitride  compound  which  is  unlikely  to  react  w'ith  exposed 
surfaces.  Since  the  propellant  is  also  a  noble  gas  and  is 
unlikely  to  deposit  onto  surfaces,  we  neglect  plume 
induced  deposition  in  our  surface  interaction  model.  This 
assumption  is  consistent  with  existing  experimental 
results. It  should  be  noted  that  this  assumption  may 
not  be  valid  for  the  TAL  thruster,  which  has  a  metal 
anode.  This  anode  may  introduce  relatively  reactive 
material  into  the  plume  region. 

The  SPT  plume  will  cause  sputtering  to  occur  on 
exposed  surfaces.  In  the  axisymmetric  model,  sputtering 
erosion  rates  are  calculated  by  recording  the  flux  and 
energy  of  macroparticles  crossing  an  arc  at  a  fixed  distance 
from  the  anode  exit.  The  particles  themselves  are  not 
neutralized  by  the  surface,  but  continue  on  as  though  the 
surface  were  not  present.  This  causes  the  simulation  to 
slightly  underestimate  the  acceleration  of  ions  in  the  pre- 
sheath,  but  has  little  impact  on  the  final  result.  A  more 
detailed  discussion  of  plasma-surface  interaction  models  is 
included  in  a  companion  paper.  The  flux  and  energy 
information  are  then  post-processed  to  determine  the 
magnitude  of  the  sheath  drop  which  w'ould  be  present  on  a 
surface  sitting  at  the  floating  potential.  The  magnitude  of 
this  drop  is  given  by 


The  sheath  drop  is  then  added  to  the  recorded  macroparticle 
energy  to  give  the  impact  energy  of  ions  on  the  surface. 
Once  the  impact  energy  is  known,  the  amount  of  material 
removed  can  be  determined  from  an  experimentally 
measured  energy  dependent  sputtering  coefficient.  This 
coefficient  is  material  dependent  and  must  be  determined 
by  experiment.  Since  Xe  is  the  dominant  species  in  the 
plume  region,  only  Xe  induced  sputtering  is  considered  in 


the  model.  One  material  of  interest  to  designers  is  silver, 
which  is  used  to  make  solar  cell  interconnectors.  Its 
sputtering  coefficient  is  given  by^*^ 

5  =  7,334x10~’^£-0. 29511 

Another  material  of  interest  is  the  glass  used  to  cover 
solar  cells.  Solar  cell  coverglasses  are  covered  by  a  thin 
anti-reflective  coating  whose  sputtering  coefficient  is 
unknowm.  The  exact  composition  of  the  coverglass 
varies,  but  the  sputtering  coefficient  for  Argon  on  quartz 
glass  was  used  to  represent  a  generic  glass  surface.  It  is 
given  by.^^ 

5  =  7.105xl0“'^£-0.01815 

A  more  advanced  surface  model  was  used  for  three 
dimensional  geometries  and  is  described  in  a  companion 
paper.^ 

In  summary,  a  PIC-DSMC  simulation  has  been 
constructed  based  on  the  observation  that  the  plume  is  a 
quasi-neutral,  unmagnetized  plasma  in  which  the  electrons 
are  effectively  collisionless.  The  DSMC  method  is  used 
to  simulate  collisional  phenomena  and  an  empirical  source 
model  is  used  to  simulate  an  SPT-100  thruster.  The 
model  used  is  based  on  experimental  data  and  contains  no 
free  parameters.  The  plume  simulation  was  written  in 
ANSI  C  and  runs  were  carried  out  on  UNIX  workstations. 
Execution  times  were  typically  2-4  hours  on 
axisymmetric  geometries. 

Results  and  Discussion 

A  series  of  changes  have  been  made  to  the  PIC- 
DSMC  plume  model  in  order  to  improve  its  agreement 
with  experimental  data.  The  effects  of  these  changes  can 
be  seen  by  comparing  previous  results  with  those 
produced  by  the  new  plume  model.  Figures  2-4  show 
axisymmetric  simulations  of  an  SPT-100  operating  in  a 
vacuum  tank  with  a  pressure  of  2.2  x  10’^  Torr.  Figure  2 
shows  the  simulation  geometry,  figure  3  shows  results 
from  the  original  simulation,  and  figure  4  shows  results 
from  the  present  plume  model.  In  both  cases,  the  primary 
beam  is  visible  as  a  region  of  high  potential  near  the 
centerline.  In  figure  3,  a  bump  is  visible  in  the  potential 
to  the  front  and  side  of  the  thruster.  This  bump  is  caused 
by  CEX  ions  and  has  been  observed  experimentally  in  the 
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plumes  of  ion  thrusters.  In  figure  4,  however,  no  such 
bump  is  visible.  Figure  5  shows  the  experimentally 
measured  ion  current  density  60  cm  from  the  exit  of  the 
thruster.  Superimposed  on  the  data  are  simulated 
results  produced  using  the  original  plume  model.  The 
simulated  results  show  fair  overall  agreement  but,  like 
Figure  3,  include  a  distinct  wing  structure  which  is  not 
present  in  the  data.  Figure  6  show's  the  same 
experimental  results  compared  to  the  new  plume  model. 
As  in  previous  work,  additional  current  has  been  added  to 
the  simulation  to  compensate  for  ambient  plasma  present 
in  the  chamber.^  The  simulated  results  in  Figure  6  show 
much  better  agreement  with  the  data.  In  particular,  the 
wing  structure  present  in  Figure  5  is  absent  from  Figure 
6.  Instead,  the  ion  current  density  varies  monotonically 
from  zero  to  100  degrees  off  axis,  just  as  in  the  data.  The 
improved  performance  results  from  two  changes  made  to 
the  original  model.  First,  the  new  model  includes  double 
ions  directly  in  the  simulation,  so  it  is  no  longer 
necessary  to  increase  the  How  of  single  ions  to 
compensate  for  the  double  ion  current.  A  smaller  amount 
of  current  is  still  added  to  compensate  for  the  presence  of 
ambient  plasma  in  the  chamber.  As  in  previous  w'ork,  the 
amount  of  current  is  determined  by  subtracting  the 
thruster's  discharge  current  from  the  total  current  measured 
in  the  experiment.  This  value  changes  with  the  lank 
pressure  and  is  shown  in  Table  4. 


Pressure 

(Torr) 

Integrated 
Current  (A) 

Compensation 
Current  (A) 

2.2  X  10-5 

4.69 

0.19 

5.6  X  10-6 

5.26 

0.76 

2.5  X  10-5 

5.97 

1.47 

6.3  X  10-5 

6.15 

1.65 

Discharge 

Curreni 

-4.5 

N/A 

Table  4:  Beam  Current  vs.  Pressure 


The  second  change  to  the  original  simulation  was  to 
modify  the  axial  ion  temperature  used  in  the  ion  source 
model.  Originally,  a  relatively  low  temperature  of  3.4  eV 
w'as  used  in  the  source  model.  This  value  is  consistent 
w'ith  experimental  measurements  made  by  Manzella  using 
laser  induced  fluorescence.^^  The  new  model  uses  a 
temperature  of  34  eV,  w'hich  is  consistent  with  RPA  data 
from  Manzella  and  Absalamov.*^'^^  The  resulting 


velocity  distribution  is  much  w'ider  with  respect  to  the 
drift  velocity  and  consequently  changes  the  structure  of  the 
plume  region.  This  interaction  merits  some  discussion. 

Careful  study  of  the  axisymmetric  simulations 
indicates  that  the  presence  of  the  wing  structure  in  Figure 
3  is  related  to  the  turning  radius  of  ions  leaving  the  anode. 
As  the  plume  expands,  the  density  gradient  at  the  edge  of 
the  plume  creates  an  electric  field  that  turns  ions  away 
from  the  centerline  at  a  rate  which  is  related  to  their  initial 
velocity.  Ions  with  relatively  high  velocities  tend  to 
follow  straight  trajectories,  while  ions  with  slow 
velocities  are  quickly  turned  towards  the  edge  of  the 
plume.  In  ion  thrusters,  the  ions  in  the  main  beam  are 
moving  in  a  small  range  of  velocities  which  is  much 
faster  than  ions  created  by  CEX,  so  the  CEX  ions  exit  to 
the  sides  of  the  plume  and  form  a  “wing”  like  structure 
(similar  to  that  shown  in  Figure  3).  In  a  Hall  thruster, 
the  beam  as  a  whole  is  moving  much  faster  than  the  CEX 
ions,  but  the  axial  ion  temperature  is  relatively  high,  so 
the  beam  ions  span  a  w'ide  range  of  velocities.  As  a 
result,  different  parts  of  the  beam  turn  at  different  rates, 
producing  a  much  less  defined  beam  boundary.  The 
slow'er  ions  at  the  edge  of  the  beam  end  up  merging  with 
the  CEX  ion  w'ings  to  create  a  relatively  smooth  density 
variation.  The  presence  of  wings  is  therefore  highly 
dependent  on  the  axial  ion  temperature.  If  the  ion 
temperature  is  low,  the  beam  is  relatively  tight,  and  the 
CEX  wings  are  clearly  visible.  If  the  ion  temperature  is 
high,  the  beam  is  relatively  diffuse,  and  the  CEX  wings 
are  absorbed  into  the  diffuse  beam  structure. 

There  are  several  conclusions  which  can  be  drawn 
from  this  discussion.  First,  the  reported  axial  ion 
temperature  of  3.4  eV  is  probably  in  error  and  should  be 
examined  carefully.  Second,  the  relatively  tight  plumes 
associated  with  ion  thrusters  are  a  function  of  their 
relatively  low  axial  ion  temperature.  And  third,  the  key  to 
lowering  the  SPT's  beam  divergence  may  be  to  lower  the 
axial  ion  temperature  rather  than  alter  the  radial  ion 
distribution.  One  way  to  do  this  may  be  to  shorten  the 
anode,  though  it  is  not  clear  what  effect  this  would  have 
on  the  performance  of  the  thruster. 

As  with  the  original  plume  model,  a  series  of 
simulations  were  run  to  examine  the  effect  the  that 
background  pressure  present  in  ground  test  facilities  has 
on  the  structure  of  the  SPT-100  plume.  Four  different 
ambient  pressures  were  simulated,  each  corresponding  to 
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an  experimental  result  reported  by  Manzella.^^  The 
presence  of  background  gas  was  simulated  by  adding 
neutral  Xenon  particles  in  a  Maxwellian  distribution  and 
by  including  thermal  Xenon  fluxes  along  boundaries  with 
the  ambient  plasma  (as  showm  in  Figure  2).  The 
background  ion  temperature  was  assumed  to  be  3(X)  K  and 
the  background  number  density  was  determined  using  the 
ideal  gas  law.  Typical  results  are  shown  in  Figure  7. 

Figure  7  shows  the  simulated  ion  current  density  as 
measured  at  four  different  ambient  pressures  in  an  arc  60 
cm  from  the  thruster  exit.  For  comparison,  experimental 
measurements  by  Manzella  are  shown  in  figure  8.  The 
simulated  results  show  good  agreement  with  experimental 
data,  and  the  same  shapes  and  u-ends  are  present  in  both 
sets  of  results.  In  addition,  the  results  agree  fairly  well 
numerically,  within  a  factor  of  2  to  3  across  the  domain, 
with  larger  disagreement  at  very  high  and  very  low  angles. 
The  simulated  results  do  tend  to  overpredict  the  current 
along  the  centerline  and  underpredict  it  at  high  angles. 
The  overprediction  along  the  centerline  may  be  a  result  of 
numerical  artifacts  along  the  centerline,  inaccuracies  in  the 
source  model,  or  saturation  of  the  ion  current  probe  during 
the  experiments.  The  underprediction  at  high  angles  may 
be  a  result  of  errors  in  measured  CEX  cross  sections 
(which  is  estimated  at  20%)^^  or  inaccuracies  in  the 
source  model.  We  note  also  that  the  errors  could  be 
present  in  the  experimental  measurements,  particularly  in 
the  pressure  measurements  which  are  thought  to  be 
accurate  to  within  only  half  a  decade. The  error  on  the 
ion  current  measurements  is  unknown,  but  measurements 
of  this  type  are  typically  accurate  to  within  about  50%.^^ 
In  view  of  the  uncertainty,  it  can  be  said  that  the  PIC- 
DSMC  model  agrees  well  with  experimental  data,  even  as 
the  ambient  pressure  is  varied  by  an  order  of  magnitude. 
This  verifies  the  accuracy  of  the  underlying  PIC-DSMC 
algorithm. 

Erosion  Rates 

In  order  to  verify  the  surface  interaction  model,  the 
results  from  the  PIC-DSMC  model  were  compared  with 
experimentally  measured  erosion  results  from  Randolph  et 
al.^^  Randolph  placed  samples  of  silver  foil,  solar  cell 
interconnectors,  and  solar  cell  coverglasses  in  a  vacuum 
tank  and  exposed  them  to  the  SPT-100  plume  for  a  period 
of  200  hours.  These  tests  w^ere  conducted  at  a  pressure  of 
3  X  10"^  Torr  and  collimators  were  used  to  protect  the 


samples  from  contamination.  Figure  9  shows  simulated 
results  for  the  erosion  of  Silver  after  two  hundred  hours  of 
exposure  at  a  pressure  of  2.5  x  10'^  Torr.  The  results  of 
Randolph  and  Pencil  are  superimposed  on  the  simulated 
results.  In  both  cases,  the  measurements  are  taken  1  m 
from  the  anode  exit.  Although  the  simulated  results  are 
noisy,  they  agree  fairly  well  with  the  experimental  data. 
The  same  shapes  and  trends  and  clearly  present  in  both 
results,  though  the  simulation  consistently  underpredicts 
the  measured  erosion,  sometimes  by  more  than  a  factor  of 
2.  Figure  10  shows  similar  results  for  the  erosion  of 
Quartz  after  200  hours  of  exposure  to  the  plume. 
Superimposed  on  these  results  is  the  experimentally 
measured  erosion  of  solar  cell  coverglasses  after  200  hours 
of  exposure  to  the  plume.  Although  the  same  trends  are 
apparent,  the  agreement  is  not  as  good,  and  the  simulation 
consistently  underpredicts  the  data  by  a  factor  of  three  or 
more.  The  relatively  high  quality  of  the  results  shown  in 
Figure  9  suggests  that  the  source  of  the  inaccuracy  is 
probably  a  problem  with  the  relationship  used  for  the 
sputtering  coefficient.  The  results  suggest  that  the 
material  used  in  the  solar  cell  coverglasses  has  higher 
sputtering  coefficient  than  the  “quartz  glass”  modeled  in 
the  simulation.  In  addition,  the  sputtering  coefficients 
used  in  the  simulation  are  valid  for  ions  striking  normal 
to  the  surface.  In  reality,  however,  ions  which  approach 
at  high  angles  may  have  sputtering  coefficients  several 
times  higher  than  those  used  in  the  simulation.^ ^ 
Unfortunately,  no  data  is  available  on  the  angular 
dependence  of  the  sputtering  coefficient  of  Xenon  atoms 
on  silver  or  Quartz  surfaces.  Such  data  is  necessary  to 
further  refine  the  sputtering  model. 

RPA  Measurements 

A  retarding  potential  analyzer  (RPA)  has  also  been 
used  to  measure  the  energy  of  ions  in  the  plume.  Because 
the  PIC-DSMC  algorithm  is  a  particle  based  method,  an 
RPA  can  be  simulated  by  recording  the  energy  of 
macroparticles  crossing  imaginary  surface.  Figure  11 
shows  a  simulated  RPA  distribution  at  a  chamber  pressure 
of  6.3  x  10’^  Torr,  Figure  11  was  constructed  by 
recording  the  energy  of  particles  crossing  an  arc  60  cm 
from  the  anode  exit.  Particle  energies  were  recorded  in 
increments  of  0.5  degrees,  so  the  curve  marked  “7.5 
degrees”  corresponds  to  ions  crossing  at  angles  betw'een 
7.25  and  7.75  degrees  from  the  centerline.  Figure  11 
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shows  experimental  RPA  data  taken  along  an  arc  1  m 
away  from  the  thruster  at  a  pressure  of  5  to  6  x  10'^ 
Torr.^^  Although  there  is  some  agreement  between 
simulated  and  real  RPA  data,  the  overall  level  of 
agreement  is  not  so  good.  There  are  tw'o  “peaks’"  present 
in  both  sets  of  data.  The  first  is  a  low  energy  peak  near 
the  origin  that  represents  slow'  moving  CEX  ions.  The 
second  is  a  high  energy  peak  that  represents  beam  ions 
coming  directly  from  the  anode.  In  the  simulated  data,  the 
low  energy  peak  is  narrow  and  located  right  at  the  origin. 
In  the  experimental  data,  the  low  energy  peak  is  slightly 
wider  and  is  offset  from  the  origin  by  about  20  V.  This 
seems  to  indicate  that  the  RPA  itself  is  floating  at  some 
potential  relative  to  the  plasma,  w'hich  would  effect  the 
accuracy  of  the  experimental  results.  The  high  energy 
peaks  are  offset  from  each  other  by  almost  75  eV.  The 
peak  of  the  experimental  data  is  at  about  275  eV,  while 
the  peak  in  the  simulated  data  is  just  over  200  eV.  The 
placements  of  the  experimental  peak  is  interesting  because 
an  average  ion  energy  of  275  eV  would  correspond  to  an 
Isp  of  2048  sec,  w'hich  is  considerably  higher  than 
experimentally  observed  Isp  of  1735  sec.  (excluding 
cathode  OowO.  Subuacting  25  eV  from  the  peak  gives  an 
Isp  of  1971  sec.,  which  is  still  much  higher  than  the 
experimentally  observed  value.  This  disagreement 
suggests  that  the  RPA  may  be  substantially  biased  w'ith 
respect  to  the  ambient  plasma.  Further  work  is  needed  to 
determine  the  source  of  these  inconsistencies. 

Figures  11  and  12  differ  qualitatively  as  w'ell  as 
quantitatively.  In  particular,  the  high  energy  peak  is 
much  broader  in  the  simulated  data  and  the  location  of  the 
peak  varies  w'ith  the  RPA’s  angle  from  the  centerline. 
This  behavior  is  consistent  with  the  earlier  observation 
that  particles  with  low  energies  are  more  easily  turned  by 
the  radial  electric  fields  present  in  the  plume.  The 
experimental  data,  however,  show's  no  such  variation.  In 
fact,  although  the  magnitude  of  the  peak  drops  rapidly,  the 
location  of  the  peak  is  the  same  at  all  distances  from  the 
centerline.  Why  this  occurs  is  unclear.  The  implication 
may  be  that  the  SPT400  is  emitting  high  energy  ions  in 
directions  pointing  w'ell  away  from  the  centerline.  These 
ions  could  mask  the  energy  shifting  effect  caused  by  the 
plume  expansion.  An  interesting  characteristic  of  the 
RPA  data  is  the  presence  of  a  high  energy  “tail”  of  ions 
W'ith  energies  hundreds  of  volts  above  the  300  V  cathode- 
anode  drop.  Tails  of  this  t>'pe  are  sometimes  produced  by 


plasma  instabilities,  so  the  presence  of  a  tail  may  indicate 
that  instabilities  play  an  important  role  in  the  creation  of 
high  energy  ions  moving  at  large  angles  relative  to  the 
centerline.  More  work  is  needed  to  understand  the  reasons 
for  these  disagreements  and  the  role  instabilities  play  in 
the  SPT-100  thruster. 

In  summary,  the  PIC-DSMC  model  presented  in  this 
paper  has  been  compared  to  a  wide  range  of  experimental 
data.  The  model  shows  good  agreement  with  ion  current 
density  measurement  in  the  plume  region,  but  compares 
less  W'ell  to  RPA  data.  The  reason  for  these  disagreements 
is  unclear,  as  some  inconsistencies  seem  to  be  present  in 
the  experimental  data.  In  addition,  a  sputter  erosion  model 
has  also  been  described  and  compared  to  experimental  data. 
This  model  shows  good  agreement  with  measured  erosion 
rates  for  silver  interconnectors,  but  is  less  accurate  when 
predicting  the  erosion  of  solar  cell  coverglasses.  More 
accurate  measurements  of  the  coverglass  sputtering 
coefficient  are  needed  to  improve  these  results.  The 
results  show'n  in  Figure  8  also  demonstrate  that  the 
ambient  neutrals  present  in  ground  based  test  have  a 
significant  effect  on  the  backflow  currents  caused  by  CEX 
collisions.  This  implies  that  ground  based  tests  will 
overpredict  the  degradation  w'hich  will  occur  on  surfaces 
on  orbiting  spacecraft.  To  study  these  issues, 
axisymmetric  simulations  of  a  thruster  operating  in 
vacuum  and  three  dimensional  simulations  of  realistic 
spacecraft  configurations  are  presented  in  a  companion 
paper. 

Conclusions 

A  computational  model  of  an  SPT  plasma  plume  has 
been  constructed  using  a  quasi-neutral  PIC-DSMC  model. 
This  model  is  based  on  theoretical  work  showing  that  the 
plume  consists  of  a  quasi-neutral  plasma  with 
collisionless  electrons  in  which  the  magnetic  field  can  be 
neglected.  The  resulting  simulation  can  accurately  model 
an  SPT-100  plume  on  meter  length  scales  with  run  times 
of  4-6  hours.  Comparisons  between  the  computational 
model  and  a  variety  of  experimental  data  indicate  that  the 
PIC-DSMC  simulation  can  accurately  predict  important 
features  in  the  plume  region,  including  the  ion  current 
density  and  the  erosion  rate  for  materials  exposed  to  the 
plume.  How'ever,  comparison  with  RPA  data  shows  the 
limitations  of  the  present  model  and  highlights  several 
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questions  about  the  SPT-100  thruster.  The  RPA  data 
indicates  that  high  energy  ions  are  present  throughout  the 
plume  region,  even  in  regions  far  from  the  centerline. 
The  data  also  indicates  that  a  tail  of  high  energy  ions  is 
present  in  the  plume,  which  may  indicate  that  plasma 
instabilities  play  an  important  role  in  the  creation  of  high 
energy  ions.  Although  further  work  is  needed  to  clarify 
the  role  instabilities  play  in  the  plume  region,  the 
experimental  work  presented  in  this  paper  verify  the 
fundamental  accuracy  of  the  PIC-DSMC  algorithm.  The 
plume  model  should  therefore  prove  to  be  a  useful  tool  for 
investigating  the  impact  of  Hall  thrusters  on  commercial 
spacecraft,  particularly  when  implemented  in  a  three 
dimensional  geometry. 

The  PIC-DSMC  model  offers  designers  the  ability  to 
model  Hall  thrusters  under  orbital  conditions.  The 
axisymmetric  model  has  been  used  to  study  a  generic 
thruster  operating  in  vacuum  and  the  three  dimensional 
model  has  been  used  to  study  realistic  spacecraft 
geometries.  These  results  are  discussed  in  a  companion 
paper.  Future  work  is  planned  to  improve  the  existing 
plume  model.  In  particular,  the  development  of  an 
unstructured  PIC-DSMC  simulation  would  allow 
designers  to  simulate  very  realistic  spacecraft  geometries. 
In  addition,  new  sputtering  data  will  be  incorporated  into 
the  surface  interaction  model  as  it  becomes  available,  and 
efforts  will  be  made  to  improve  the  source  model  so  it 
gives  better  agreement  with  existing  experimental  data. 
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Figure  2:  Grid  and  Domain 


Figure  3:  Contour  Plot  of  Potential  and 
Vector  Plot  of  Current  Density 
(Original  Model) 


Figure  4:  Contour  Plot  of  Potential  and 
Vector  Plot  of  Current  Density 
(Improved  Model) 


Figure  5:  Comparison  of  Ion  Current 
Density  Data  with  Original  Model 
(z  =  60  cm,  P  =  6.3  x  10'^  Torr) 


Figure  6:  Comparison  of  Ion  Current 
Density  Data  with  Improved  Model 
(z  =  60  cm,  P  =  6.3  x  10*^  Torr) 
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Figure  7:  Measurements  of  Ion  Current 
Density  as  a  Function  of  Facility  Pressure 
(z  =  60  cm) 


Figure  10:  Comparison  of  Calculated 
Coverglass  Erosion  Rates  to  Experimental 
Data  (z  =  1  m) 


Figure  8:  Simulated  Ion  Current  Density  as 
a  Function  of  Ambient  Pressure 
(z  =  60  cm) 


Figure  9:  Comparison  of  Calculated  Silver 
Erosion  Rates  to  Experimental  Data 
(z  =  1  m) 


Figure  11:  Simulated  RPA  Data  Showing 
Ion  Energy  Distribution  (z  =  60  cm) 


Figure  12:  Experimental  RPA 
Measurements  Showing  Ion  Energy 
Distribution  (z  =  1  m) 
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BASIC  RESEARCH  HELPS  PUT  HALL  THRUSTERS  ON  NEXT 
GENERATION  COMMUNICATION  SATELLITES 


Alec  Gallimore,  Daniel  Hastings,  and  Brian  Gilchrist 

It  currently  costs  more  than  $12,000  to  send  one  pound  to  orbit,  which  means 
that  a  satellite  on  station  is  worth  at  least  twice  its  weight  in  pure  gold.  So  it 
is  critical  that  satellite  designers  save  weight  in  order  to  save  money.  There 
are  two  approaches  to  achieving  this  goal:  1)  make  the  spacecraft  smaller  and 
lighter  by  using  micro-  or  even  nano-satellite  technology;  or  2)  reduce  the 
spacecraft  propellant  mass  by  using  fuel-efficient  propulsion  systems. 

Electric  propulsion  can  reduce  dramatically  the  amount  of  fuel  that  is  needed 
by  satellites.  The  basic  principle  is  simple:  instead  of  using  chemical  energy 
to  drive  fuel  out  of  a  nozzle,  electrical  energy  is  used  to  drive  the  fuel  much 
faster,  giving  the  satellite  a  greater  “kick”  for  each  pound  of  fuel.  A  variety  of 
different  devices  have  been  constructed  on  this  principle,  most  notably  the 
Hall  thruster.  But  to  drive  the  flow,  the  fuel  must  be  transformed  into  a 
charged  gas  known  as  a  plasma,  the  most  abundant  form  of  matter  in  the 
universe. 

A  plasma  is  a  gas  that  consists  not  only  of  neutral  atoms,  but  also  of  freely- 
moving  charged  particles.  An  electric  thruster  releases  a  plume  of  very  fast- 
moving  charged  particles  which  form  a  large  cloud  around  a  satellite.  While 
this  may  sound  harmless,  when  a  particle  moving  at  40,000  miles  per  hour 
hits  a  solar  array,  it  can  damage  the  cells  and  interconnectors  which  provide 
critical  power  to  the  satelhte.  In  fact,  one  of  the  main  reasons  that  designers 
have  not  employed  electric  thrusters  is  their  fear  that  the  thrusters  will 
damage  these  arrays,  leaving  the  satellite  stranded  thousands  of  miles  from 
Earth.  Another  concern  satellite  manufacturers  have  is  the  plume’s  possible 
effects  on  incoming  and  outgoing  radio  signals.  Since  charged  particles 
interact  with  electromagnetic  signals,  radio  signals  which  propagate  through 
this  plume  may  become  distorted.  This  means  that  a  television  picture  could 
appear  fuzzy  or  not  at  all  if  its  carrier  signal  were  to  propagate  through  the 
thruster  exhaust. 

Until  recently,  designers  had  no  way  to  figure  out  where  these  charged 
particles  would  go,  what  damage  they  would  cause,  or  their  influence  on  radio 
signals.  However,  electric  propulsion  researchers  who  specialize  in  theoretical 
and  applied  plasma  physics  have  teamed  up  to  tackle  this  problem  both 
computationally  and  experimentally. 


In  support  of  this  effort,  a  three  dimensional  computer  model  of  an  electric 
Hall  thruster  and  its  plasma  plume  was  developed  [1-3].  Over  a  few  hours, 
the  program  not  only  calculates  where  the  plume  will  go,  but  what  the  plume 
will  do  to  the  surfaces  it  touches.  It  will  even  calculate  the  amount  of  erosion 
a  solar  cell  coverglass  or  interconnector  will  experience  over  the  lifetime  of  the 
satellite.  If  the  damage  is  unacceptable,  the  designer  can  simply  move  the 
thruster  and  try  again  until  an  acceptable  design  is  obtained. 

In  Figure  1,  a  plasma  plume  from  a  Hall  thruster  is  shown.  In  Figure  2,  the 
angle  between  the  thruster  exhaust  plume  axis  and  the  solar  array  (cant 
angle)  is  shown  as  the  array  turns.  Any  array  erosion  greater  than  1.2  microns 
a  month  is  unacceptable.  Thus,  this  design  map  shows  that  satellite 
manufacturers  must  cant  their  thrusters  at  angles  of  40  degrees  relative  to 
the  ideal  thrust  axis.  This  code  has  been  used  by  spacecraft  systems 
engineers  at  Hughes  and  at  Lockheed-Martin  to  determine  the  best  location 
for  Hall  thrusters  on  their  new  HS  702  and  A2100  communication  satellites, 
respectively. 

Experiments  presented  in  References  [4-5]  provided  much  of  the  experimental 
plume  plasma  data  that  was  needed  to  calibrate  and  validate  the  code.  A 
state-of-the-art  electrostatic  ion  energy  analyzer  was  developed  to  measure 
the  ion  kinetic  energy  distribution  in  the  plume  (see  Figure  3).  In  addition, 
heat  flux  sensors  and  a  neutral  particle  flux  probe  -  a  new  invention  of  ours  - 
were  used  to  characterize  the  plasma  and  neutral  particle  transport 
properties  of  the  plume.  This  was  the  first  time  both  the  charged  and  neutral 
particles  of  a  Hall  thruster  plume  were  measured  simultaneously.  Data  from 
these  experiments  are  being  used  at  the  Space  Systems/Loral  Corporation  to 
integrate  Hall  thrusters  with  their  new  Lafayette  communication  satellite. 

In  addition,  L-  (1.6  GHz)  and  Ku-band  (17  GHz)  signals  were  transmitted 
through  the  exhaust  plume  of  the  Hall  thruster,  received,  and  analyzed  at 
various  locations  to  determine  how  radio  waves  are  affected  by  the  charged 
particles  in  the  plume  [6-7].  Figure  4  shows  the  effect  the  plume  plasma  has 
on  a  Ku-band  radio  signal  propagating  through  the  center  of  the  plume  0.15  m 
from  the  thruster  exit.  In  addition  to  increased  signal  noise,  coherent 
sideband  peaks  are  seen  at  discrete  frequencies  (multiples  of  26  kHz) 
corresponding  to  discharge  oscillations  of  the  engine.  An  electromagnetic  ray¬ 
tracing  code  was  developed  to  predict  these  and  other  effects  at  varying 
frequencies  and  distances  from  the  thruster  so  that  system  designers  could 
adequately  account  for  these  effects.  There  is  considerable  agreement  between 
the  code  predictions  and  our  experimental  results,  suggesting  that  both 
amplitude  and  phase  effects  are  important. 
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Figure  1:  Predicted  Hall  thruster  plume  expansion  profile  from  the  computer 
model.  By  using  this  model,  designers  can  see  how  a  plasma  plume  affects  the 
entire  satellite. 
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Figure  2:  Erosion  Rate  for  Silver  at  Corner  of  Array  for  an  SPT-100  Thruster 
operating  at  a  xenon  flow  rate  of  5.37  mg/sec.,  an  Igp  of  1610  sec.  The  solar  array 
yoke  length  is  1.9  m  and  the  array  width  is  1.14  m.  Erosion  rates  are  in 
microns/month. 
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Figure  3:  Ion  energy  and  ion  beam  current  density  distribution  in  the  plume  of  an 
SPT-100  Hall  thruster  taken  at  a  radius  of  0.5  m  from  the  thruster  exit  plane, 
from  centerline  to  over  90  degrees  with  respect  to  the  thruster  axis.  These  data 
were  collected  with  a  four-grid  retarding  potential  energy  analyzer  (RPA).  A 
Faraday  probe  provided  ion  current  density  measurements.  To  correct  for  stray 
charged  particles  in  the  vacuum  chamber,  a  second  Faraday  probe  was  mounted 
in  the  wake  of  the  thruster-facing  electrode  to  measure  the  wake  ion  flux  due  to 
facility  effects.  The  wake  current  was  found  to  be  negligible. 
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Figure  4:  Power  spectral  density  for  a  17  GHz  signal  transmitted  through  the 
center  of  thruster  plume  0.15  m  downstream. 
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